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i-  Missni  y of  t ho toc.3 1 liodoK  throuqh  discovery  of  Nn^KSbfCs] 

' lor.  1;';,';/  wiu-n  li.  Mcrt;-;*  m.idc  the  original  discovery  of 
oi.of  I ;s  1 , ,n  ; honomen<i  they  were  general  ly  regarded  as  laboratory 
'.It  ! : M lo  j ' in  j ' ic.i.i  t in  the  understanding  of  solid  state 
n , i/iii  .e  1 i L f 1 e pract  i ca  1 va  1 ue . However,  in  1929 
!•: . Kill  lor-  ,ind  N . F^.  Campbell^  discovered  that  a combination 
r ; . I,  ooniuin,  and  oxygen  had  sufficient  photoerni  ss  ion  for 
;r  i . ■ 1 1 ipp  I i cat  ions  . Af  tro'  1929,  applications  spurred  a search 
1 t !i.  i plKd  IP Mth(3de  materials,  but  lack  of  understanding  of  the 
; ill  pf  I IP  i 1 ; ss mn  f>rocess  and  of  solid  state  physics,  made  the  search 
;i'!  -a;  -ii  riatoi  ials  one  of  trial  and  error. 


In  1 ‘t  Hi  e.pirlich^  found  CsjSb  to  be  an  excellent  photocathode, 
,ind  tins  Fed  to  subsequent  investigation  of  the  photoetnission  of 
'HFut  pilkali  antimonido  materials.  Discovery  of  the  photoemission 
1 I oijo r t lus  of  Na-KSb  occurred  accidentally  in  1955  when  A.  Sommer^ 
v;as  : r.'  trst  ojat  i ng  the  [jhotocmissi on  of  Li2Sb.  The  Li  sources  used 
in  iliat  wot  K wore  cont.iminated  with  K and  Na  which  were  released 
trorn  the  evatxtration  source  at  lower  temperatures  than  was  Li. 

'i’he  result  inq  films  were  formed  of  Na , K and  Sb,  and  Li  was  not  a 
constituent.  These  Na2KSb  films  demonstrated  very  high  quantum 
efficiency  from  the  near  ultra-violet  through  the  near  infrared 
region  of  the  electromagnetic  wave  spectrum,  (Quantum  efficiency 
is  defined  as  electrons  emitted/incident  photon.) 


i 


The  discovery  of  Na2KSb  showed  that  a bi-alkali  antimonide 
{jhotocathode  could  have  greater  photoemission  than  a mono-alkali 
antimonido  photocathode . Cs  was  then  added  to  Na2KSb  to  determine 
whether  a tri-alkaline  antimonide  material  would  be  even  better.^ 
The  addition  of  Cs  extended  the  useful  response  of  the  photocathode 
to  lower  photon  energies. 


F"rom  analysis  of  the  photocathode  materials  found  by  trial 
and  error,  and  from  a knowledge  of  semiconductor  physic.s,  has  come 
an  understanding  of  factors  affecting  the  spectral  yield  of  a 
material.  Some  of  these  factors  are  discussed  in  Section  1.2. 


2.  Factors  affecting  photoen.ission  from  semiconductors 


I’hotoemission  is  a process  in  which  electrons  are  ejected  from 
a material  due  to  absorption  of  incident  electromagnetic  radiation. 
For  this  discussion  only  those  electromagnetic  waves  with  wave- 
lengths from  2200  - 13000  K,  including  the  near  ultra-violet, 
visible,  and  near  infrared  regions  of  the  electromagnetic  spectrum 
and  corresponding  to  photon  energies  from  5.50  -0.95  eV  will  be 
considered , 


Floctrons  associated  with  an  atom  can  only  occupy  fixed  energy 
states,  and  can  absorb  energy  only  In  amounts  equal  to  the  difference 
between  allowed  states.  Due  to  the  earlier  reatrietion  on  photon 
energies  (0.95  - 5.50  eV)  only  the  highest  lying  eledfeiron  enetgy 
states  In  semiconductor  matoriala,  called  the  valende  bend  (filled) 
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and  conduction  band  (unfilled)  and  separated  by  a gap  of  unallowed 
states,  arc  of  interest  in  th is  d i scussion . An  energy  level  diagram 
for  an  ideal  semiconductor  at  C’K  is  shown  in  Fig.  1.  For  the  semi- 
conductor represented,  photoexcitation,  hence  optical  absorption, 
could  occur  only  for  photon  energies,  hv  ■ E„ . 

Not  all  incident  light  is  absorbed  by  the  first  monolayer  of 
atoms  at  the  surface  of  a material.  Frohlich  and  SackS  have  pre- 
sented a theoretical  argument  that  the  surface  monolayer  could 
absorb  no  more  than  10%  of  the  incident  radiation,  and  experimental 
evidence  indicates  the  absorption  is  < 10%.^  For  this  reason 
photoomission  from  the  bulk  is  important  for  high  quantum  yield. 

Following  absorption  of  a photon  an  electron  excited  in  the 
bulk  may  diffuse  in  the  direction  of  the  surface,  and  energy  losses 
may  occur  during  diffusion.  These  energy  losses  are  due  to  colli- 
sions with  the  crystal  lattice  and/or  with  other  electrons. 


The  loss  per  event  for  electron-lattice  collisions  is  low 
(0.02  - 0.03  eV) , and  both  BurtoniO  studying  Cs3Sb  and  Dekkerll 
studying  MgO  concluded  that  the  average  escape  depth  for  photo- 
electrons was  - 250  A when  only  electron-lattice  collisions 
contributed  to  energy  losses  during  diffusion. 


For  electron-electron  collisions  both  collision  partners 
must  emerge  with  sufficient  energy  to  exist  in  allowed  conduction 
band  states.  Thus  the  excited  electron  must  possess  energy 
^ Ey  + 2Eq  for  electron-electron  collisions  to  occur.  If  such 
collisions  are  possible  the  minimum  loss  per  event  would  be  Eq 
and  the  mean  free  path  between  events  is  short,  15  - 100 


After  diffusion  to  the  surface  an  excited  electron  must  over- 
come the  surface  barrier,  called  the  electron  affinity  (E^) , in 
order  to  escape  from  the  material.  The  ratio  of  E;:^  to  Eq  for  a 
material  can  be  significant  regarding  the  energy  losses  suffered 
during  diffusion  of  an  excited  electron.  Consider  the  two  semi- 
conductors represented  by  the  electron  energy  band  diagrams  shown 
in  Fig.  2.  The  similarities  and  differences  between  the  two 
examples  shown  in  Fig.  2 are  listed  in  the  table  below. 


Example  I 

Example  II 

s 

''a  * 

^A  ' ^0 

St 

hvj^ 

m 

hVj 

In  Example  1 an  electron  excited  by  a photon  of  energy*  c • hv^, 
could  collide  with  another  valence  band  electron  providing  both 
collision  partners  with  Sufficient  energy  tb  be  oonduction  band 
electrons*  but  not  enough  to  be  emitted  as  photoeleetrons.  In 
Example  II  electron-electron  collisions  could  not  occur  for 
r.  B hVj^  because  both  collision  partners  could  not  be  raised  to 
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allowed  ener-)y  states.  Photoelectrons  in  Kxample  1 material  would 
be  subject  to  larqer  enerqy  losses  and  a shorter  mean  free  path 
than  photoelectrons  in  an  Example  IT  material.  Thus  higher  quantum 
'/leltl  would  be  expected  from  materials  where  E.  ■ E_. 

A G 

Consider  the  two  semiconductor  materials  represented  by  the 
electron  energy  band  diagrams  shown  in  Fig.  3.  Crystal  defects, 
due  either  to  impurity  atoms  or  lattice  imperfections,  can  result 
in  electron  energy  states  in  the  forbidden  gap  creating  "p"  and 
"n"  typo  materials  with  the  Fermi  level  moved  in  close  proximity 
to  tlie  valence  band  od^fe  or  conduction  band  edge  respectively. 
Surface  states  at  the  vacuum  interface  can  create  the  band. bending 
shown  with  the  Fermi  level  pinned  at  the  surface.  Spicer^"^  has 
pointed  out  that  "p"  typo  material  with  a band  bending  depth,  d, 
much  less  than  the  escape  depth  of  the  electrons  (as  shown  in 
Example  I of  Fig.  3)  would  create  a favorable  situation  for 
photoomission.  In  such  a case  the  effective  electron  affinity, 
^Aeff'  would  be  loss  than  the  actual  electron  affinity.  This 
would  extend  the  threshold  for  photoemission  to  lower  photon 
energies.  In  the  case  of  "n”  type  material  band  bending  would 
increase  the  effective  electron  affinity  (as  shown  in  Example  II 
of  Fig.  3)  and  would  be  detrimental  to  photoemission.  For  "p" 
type  material,  if  the  band  bending  depth  was  greater  than  the 
escape  depth  of  the  electrons  then  the  effective  electron  affinity 
would  equal  the  actual  electron  affinity  and  there  would  be  no 
enhancement  of  photoemission  duo  to  the  band  bending. 


The  intensity,  I (x) , of  light  at  a distance,  x,  into  a material 
of  uniform  absorption  is  given  by  the  expressions,  I(x)  « loe”^’^ 

(Iq  = intensity  incident  at  the  surface,  a » absorption  constant 
of  the  material) . For  high  quantum  yield  the  incident  light  should 

distance  comparable  to  the  escape  depth  of  the 
An  escape  depth  of  250  K would  require  an  absorption 


be  absorbed  in  a 
photoelectrons . 
coefficient  of  1 
coefficients  of 


X 10°.  In  semiconductor  materials  absorption 


lx  10®  are  associated  only  with  interband 
transitions.^  Electron  energy  states  in  the  forbidden  gap  due  to 
crystal  defects  can  result  in  photoemission  at  a lower  threshold 
than  emission  from  valence  band  states,  but  generally  the  quantum 
yield  of  such  emission  is  below  the  level  of  practical  application. 


3.  Comparison  of  Na2KSb[Cs]  with  new  generation  photocathodes 

Spectral  yield  curves  for  typical  Na2KSb(Cs)  photocathodes 
reported  by  Sommer  in  1968  are  shown  as  Curves  A and  B of  Fig.  4. 
Note  there  is  a wide  variation  in  response  in  the  threshold  region. 
Control  of  the  photocathode  sensitivity  in  the  threshold  region  is 
critical  for  most  applications,  and  is  the  most  difficult  problem 
in  commercial  production.  The  spectral  yield  curve  for  Na2KSb(Cs) 
reported  by  Spicorl'*  in  1958  is  shown  as  Curve  C in  Pig.  4,  and 
was  used  as  a standard  in  those  studies.  The  difference  between 
Curve  C and  Curves  A and  B probably  stems  from  the  steady  increase 
In  sensitivity  achieved  with  Na2KSb(Cs)  photocathodes  as  commercial 
producers  have  gained  experience  with  their  formation. 


In  recent  years  there  has  evolved  a new  qeneration  of  photo- 
cathode  materials  dt^rived  from  knowledc^c  of  the  photoemission  process 
am:  the  electronic  structure  of  semiconductor  materials.  Prominent 
in  this  new  qeneration  are  the  GaAs-Cs-0  and  Si-Cs-0  photocathodes. 

A comparison  is  made  in  Fiij.  5 of  the  spectral  yield  curves  for 
r.aAs-Cs-n  rcnorted  by  Klcin^  ^ (Curve  D)  , Si-Cs-0  reported  by 
Mart i nel  1 1 1 (Curve  El),  and  the  typical  response  curves  for 
Ma2KSb(Cs)  (Curves  A and  B)  repeated  from  Fig.  4.  Note  the  spectral 
yields  from  the  new  generation  of  photocathodes  are  superior  to 
those  from  Na2KSb(Cs)  photocathodes,  but  the  latter  remain  com- 
petitive because  the  lifetimes^^^  of  the  now  generation  materials 
have  been  significantly  shorter  and  the  thermal  nosie  greater. 18 

In  the  literature  the  terms  S-20,  tri-alkaline  antimonide, 
multi-alkaline  antimonide,  and  Na2KSb(Cs)  are  used  interchangeably. 
Only  the  last  designation  will  be  used  in  this  report. 

4.  Related  research 

Technical  difficulties  have  hampered  research  efforts  concerning 
Na2KSb(Cs)  photocathodes.  Both  alkali  metals  and  the  alkali  anti- 
monide compounds  are  highly  reactive  with  oxygen  and  water  in  the 
air,  and  alkali  antimonide  films  must  be  formed  and  stored  under 
high  vacuum  conditions.  In  commercial  formation  of  Na2KSb(Cs) 
photocathodes  the  vaccum  tube  that  will  contain  the  photocathode 
film  is  degassed  at  300-450®C  before  the  film  is  deposited.  During 
formation  the  vacuum  tube  is  heated  to  160-220®C,  and  the  very 
reactive  alkali  vapors  are  present  in  the  tube  at  that  time.  The 
chemical  activity  of  the  constituents  and  the  need  for  heating  in 
the  processing  and  formation  have  hindered  or  precluded  the 
inclusion  of  analytical  apparatus  in  a vacuum  tube  with  a Na2KSb(Cs) 
film.  There  also  has  been  a lack  of  success  of  formation  of  high 
sensitivity  photocathodes  in  anything  other  than  a standard  photo- 
cathode tube  assembly,!®  and  such  tube  assemblies  have  limited 
space  and  accessibility  for  analytical  instruments.  The  equipment 
necessary  for  deposition  and  analysis  of  alkali  antimonide  materials 
is  complex  and  expensive.  As  a semiconductor  for  general  use  in 
the  electronics  field,  Na2KSb(Cs)  offers  no  advantage  over  other 
mere  easily  handled  materials.  With  rare  exception  only  users 
and/or  manufacturers  of  photocathodes  have  deemed  it  worthwhile 
to  overcome  the  technical  difficulties  listed  above  and  have 
investigated  the  properties  of  Na2KSb(Cs)  and  the  other  alkali 
antimonide  materials. 

From  previous  investigations  by  others  much  information 
concerning  Na2KSb(Cs)  has  been  obtained.  Electron  energy  band 
diagrams  for  Na2KSb  and  Na2KSb(Cs)  are  shown  in  Pig.  6,  with  values 
of  and  Eg  from  the  reports  of  Spicerl^  and  Jeanes.20  Note 
that  E^(0.45  - 0.55)  < Eq(I.O). 

Note  also  in  Fig.  6 that  the  energy  gap  for  both  Na2KSb  and 
Na2KSb(Cs)  is  1.0  eV.  This  similarity  in  Eq  supported  an  early 
model  of  the  Na2KSb(Cs)  photocathode  as  a bulk  of  Na2KSb  and  an 
overlayer  of  Cs.  Experiments  by  McCarroll21  however,  have 
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produced  evidence  that  Cs  is  present  in  the  bulk,  and  the  exact 
nature  of  the  role  of  Cs  in  the  Na2KSb(Cs)  photocathode  remains 
a question.  In  any  case,  the  amount  of  Cs  included  in  the  photo- 
cathode  is  very  small. 


A diagram  of  the  phases  present  in  the  Na2KSb  system  reported 
by  McCarroll22  is  shown  in  Fig.  7.  The  stoichiometry  allowing  a 
completely  cubic  structure  is  narrowly  defined  around  the  Na2KSb 
formula.  This  cubic  phase  has  been  identified  by  McCarrol  and 
Si.mon2^  as  b'  ng  much  more  photosensitive  than  a hexagonal  phase 
with  the  same  constituents.  The  cubic  phase  also  demonstrates  two 
other  characteristics  that  distinguish  it  from  the  hexagonal 
pnases.  First,  the  conductivity  of  the  cubic  phase  is  "p"  type 
due  to  a cto^ohiometr ic  ex-;ess  of  Sb.  Small  additions  of  Sb  in- 
crease the  conductivity,  c.id  small  additions  of  alkali  reduce  the 
conductivity. ^ 
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The  conductivity  of  the  hexagonal  phase  is  "n“  type.  Sommer 
reports  that  in  production  of  Na2KSb  photocathodes  there  is  a re- 
versal of  the  polarity  of  conduction  form  "n”  to  "p"  type  at  about 
the  moment  of  maximum  photosensitivity.  Second,  McCarroll^*  reports 
that  the  cubic  phases  of  all  the  alkali  antimonlde  materials  are 
more  densely  packed  than  the  hexagonal  phases.  Note  in  Fig.  6 
that  there  is  a choice  in  the  eneiqy  band  diagram  for  Na2KSb(Cs). 

Two  {K)ssibil ities  are  included  because  it  is  not  possible  to 
experimentally  distinguish  between  real  and  effective  electron 
affinities.  Arqumentn  support inq  band  bending  and  a reduction 
cf  the  effective  electron  affinity  (fig.  6B)  os  tl.j  source  of  the 
photoemission  properties  of  Na2KSb(Cu)  are  besed  on  th-''  "p"  typo 
conductivity  of  this  material  and  the  discussion  ir  Section  1.2. 
Arguments  supporting  a reduced  real  electron  affinity  as  the  sourer 
of  the  photoemission  properties  of  NanKSbCCs)  are  based  on  the 
observation  that  for  electron  emitting  semiconductors  low  electrtn 
affinity  values  are  associated  only  with  cubic  phase  materials. 
However,  there  is  a reduction  of  -0.5  eV  in  the  measured  value  oi 
Sa  between  Na2KSb  and  Na2K3b(Cs) , and  there  is  no  change  in  phase. 
Thus  the  electron  energy  band  diagram  for  :.'a2KSb(C8)  shown  in  fig. 

OB  is  more  probable. 


Also  note  in  Fig.  6 that  Bq  + ^ 1.45  - 1.53  eV,  placing 

the  threshold  for  photoemission  from  Na2KSb(Ca)  in  the  near  infrared 
region  of  the  electromagnetic  spectrum,  a region  of  interest  for 
many  applications. 


A possiole  role  Cor  oxygen  in  the  formation  of  Ma2KSb(Cs) 
photocathodes  has  been  considered.  .Oxidation  of  the  tame  alkali 
antimonlde  materials  (Cs3Sb^,K2CsSb^^)  does  increase  the  red 
response  of  these  materials.  Also  there  have  been  reports  that 
oxidation  of  some  Na2K;Sb(Cs)  films  has  increased  their  photo** 
emission, 27  such  cases  the  original  response  was  below 

average.  Sonner^S  reports  there  have  been  no  cases  in  the  liters* 
ture  where  superficial  oxidation  has  increased  the  emission  of  a 
Na2KSb(Cs)  photoeathode  with  high  sensitivity. 


A plot  of  the  absorption  constant  of  Na2KSb(Cs)  as  a function 
of  photon  energy  is  shown  in  Fig.  8.  Note  that  for  hv  • 3 eV  the 

absorption  constant  is  < 1 x 10“  and,  as  discussed  in  Section  1.2, 
this  would  imply  that  not  all  the  incident  radiation  is  absorbed 
within  the  escape  depth  of  the  photoelectrons. 

5.  Typical  formation  schedule  for  Na2KSb(Cs)  photocathode 

Control  of  the  formation  of  Na2KSb(Cs)  photocathodes  in  com- 
mercial production  has  been  a problem.  A common  formation 
schedule  reported  by  Sommer^S  is  as  follows; 

"The  formation  process  of  Na-K-Sb  and  Cs-Na-Sb 
cathodes  is  much  more  cumbersome  than  that  of  the 
monoalkali  materials.  The  latter  can  be  made  quite 
simply  by  introducing  a stoichiometric  excess  of  the 
alkali  metal  and  subsequently  removing  the  excess  by 
baking  until  peak  sensitivity  is  obtained.  No  corres- 
ponding method  is  known  whereby  the  ratios  of  Na  to  K 
can  be  controlled  in  the  same  way  as  the  ratio  of  one 
aklaki  metal  to  antimony.  Therefore  the  following 
multistep  process,  or  a variation  of  it,  is  usually 
applied. 


1.  Sb  is  evaporated,  until  a light  transmission 
drop  to  about  70%  of  the  original  value  indicates  that 
the  films  has  the  desired  thickness. 

2.  A K3Sb  cathode  is  formed  by  exposing  the  Sb 
film  to  K vapor  at  about  160®C. 

3.  The  K3Sb  is  exposed  to  Na  vapor  at  about  220*C. 
During  this  step  the  K in  K3Sb  is  gradually  displaced  by 
Na,  but  it  has  so  far  not  been  possible  to  stop  this  re- 
placement process  at  the  required  2:1  ratio  of  Na  to  K. 
Therefore  it  is  common  practice  to  continue  the  intro- 
duction of  Na  until  a sharp  drop  in  photosensitivity 
indicates  the  presence  of  excess  Na.  At  this  stage  the 
compound  can  be  symbolized  by  the  formula  Na.^2^<^^^> 

4.  To  restore  the  correct  NatK  ratio,  small  amounts 
of  Sb  and  K are  added  in  alternating  steps,  at  about 
160**C,  until  peak  sensitivity  is  obtained.  Depending 

on  the  amount  of  excess  Na  introduced  in  step  3,  as  many 
as  50  or  more  Sb-K  alternations  may  be  required.  This 
completes  the  process  for  the  formation  of  the  two- 
alkali  compound  Na2KSb. 

5.  If  the  three  alkali  cathode  is  to  be  formed, 

Sb  and  Cs  have  to  be  added  in  alternating  steps,  similar 
to  the  K-Sb  process  of  step  4.  The  Cs-Sb  process  is  also 
performed  at  about  160*C,  until  peak  sensitivity  is 
reached. 


The  whole  process  can  be  symbolized  by  the  fol- 
lowing diagram: 

160°C  220’’C 

Sb  + K ► KjSb  + Na  >■  + (K,Sb) 

(1)  (2)  (3) 

160°C  160°C 

► N32KSb  + Cs.Sb  >■  Na2KSb[Cs] 

(4)  (5) 

Numerous  modifications  of  these  processes  exist. 

To  give  a few  examples,  different  sequences  in  the 
introduction  of  the  alkali  metals  are  possible  in 
which  either  Na  or  Cs,  rather  than  K,  is  introduced 
first.  There  is  also  considerable  latitude  in  the 
temperature  used  for  the  different  steps  of  the  pro- 
cess. Further,  the  thickness  of  the  original  Sb  film 
does  not  appear  to  be  very  critical;  this  point,  how- 
ever, is  difficult  to  check  because  the  thickness  of 
the  final  cathode  film  depends  not  only  on  the  amount 
of  Sb  in  the  first  deposit  but  also  on  the  additions 
during  the  alterations  with  alkali  metal.  At  present 
there  is  no  convincing  evidence  that  any  particular 
modification  produces  consistently  higher  sensitivity.*' 

The  alternations  in  the  formation  process  described  by  Sommer 
above  are  often  referred  to  as  "yo-yo"  processing.  Details  of 
the  formation  schedules  used  by  the  producers  of  Na2KSb(Cs) 
photocathodes  have  been  kept  secret  because  the  formation  process 
is  not  under  complete  control.  Commercial  processors  have  advised 
that  their  control  of  the  formation  process  and  the  photosensitivity 
of  their  product  have  both  improved  with  experience.  Production 
methods  that  work  have  been  learned  through  considerable  time, 
experiment,  and  expense,  and  such  information  is  considered  pro- 
prietary as  a result. 

6.  Motivation  for  these  studies 

In  recent  years  Auger  electron  spectroscopy  (AES)  has  pro- 
vided an  analytical  technique  to  determine  the  atomic  species 
present  in  the  top  few  atomic  layers  of  a material,  'abs  analysis 
of  Na2KSb(Cs)  photocathodes  held  promise  of  providing  information 
on  such  questions  as: 

1)  The  role  of  Cs? 

2)  A possible  role  for  oxygen? 

3)  Influence  of  surface  contamination? 

4)  The  populations  of  the  constituents  in  the  surface  region? 

5)  Cheisical  changes  in  the  surface  region  associated  with 
photocathode  fatigue? 
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This  laboratory  was  equipped  with  the  necessary  experimental  apparat- 
us, and  preceding  researchers  had  developed  some  experience  with 
alkali  metals  and  alkali  antimonide  compounds.  Neither  AES  nor 
other  similar  techniques  had  been  applied  previously  in  investiga- 
tions of  Na^KSblCs). 

The  Na2KSb(Cs)  photocathode  has  been  of  economic  importance 
since  its  discovery  in  1955,  and  it  is  still  competitive  with  new 
generation  photocathode  materials.  However,  the  production  of 
Na2KSb(Cs)  photocathodes  is  still  done  following  several  different, 
unsystematic,  and  sometimes  inconsistent  schedules  because  the 
formation  process  is  only  partly  understood.  Thus  in  these  studies 
AES  was  used  to  study  the  formation  of  Na2KSb(Cs)  films  with  the 
hope  of  gaining  better  understanding  of  the  formation  process. 


II.  EXPERIMENTAL  APPARATUS  AND  TECHNIQUES 

1.  Vacuum  system  and  processing 

A twelve  inch  diameter,  stainless  stell  belliar  system  by 
Ultek  was  used  as  the  experimental  chamber.  Using  a specially  made 
stainless  steel  collar  the  chamber  was  connected  to  a 300  liter/ 
second  sputter  ion  pump  by  Consolidated  Vacuum  Systems.  A standard 
copper  gasket  ring  was  used  to  seal  the  experimental  chamber  to 
the  collar,  while  a 0,020  inch  diameter  gold  wire  was  crushed 
between  flat  flanges  to  seal  the  collar  to  the  sputter  ion  pump 
chamber.  A view  of  the  overall  system  is  shown  in  Figure  9.  Rough 
pumping  of  the  system  from  atmospheric  pressure  to  approximately 
1 X lO'^  Tort  was  accomplished  with  two  Zeolite  filled  sorption 
pumps  chilled  to  liquid  nltorgcn  temperature.  Vacuum  conditions 
during  measurements  were  consistently  •=!  x 10"10  Torr.  Pressure 
measurements  in  the  vacuum  chamber  were  made  with  a Bayard  - Alpert 
type  ionization  guage,  Model  No.  715  by  General  Electric,  and  a 
Granville  * Phillips  Model  20/006  ionization  controller.  A schematic 
view  of  the  experimental  chamber  is  shown  in  Figure  10.  The  indivi- 
dual pieces  of  apparatus  used  for  deposition  and  analysis  of  the 
samples  are  discussed  in  Section  11.2  and  through  II. S.  Processing 
the  ultra  high  vacuum  chamber  described  above  consisted  of  an 
initial  pumpdown,  degassing,  and  leak  checking.  The  initial  pump- 
den  n was  continued  for  12-24  hours  and  generally  resulted  in 

issuret  of  3 to  7 x 10'^  Torr.  The  vacuum  system  was  then  degassed 
via  baking  at  200  - 250*C  for  12  - 48  hours.  After  cooling  the 
chamber  pressure  was  normally  <1  x 10“^^  Torr.  Regardless  of  the 
pressure  however,  a leak  chock  was  made  by  immersing  the  entire 
system  in  He  gas  and  using  and  EAI  QUAD  ISOA  residual  gas  analyzer. 

If  no  leaks  were  detected,  deposition  and  analysis  of  a Na2KSb{Cs) 
photocathode  film  was  begun. 

2.  Substrate 

a.  Manipulator  assembly  and  substrate  design 

A diagram  of  the  manipulator  used  to  move  the  sample  to  the 
various  positions  in  the  experimental  chamber  is  shown  in  Figure  11. 
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Only  the  apparatus  shown  attached  to  the  vacuum  side  of  the  flange 
feedthroughs  was  designed  and  constructed  for  these  studies.  The 
general  purpose  portion  of  the  manipulator  assembly  was  designed 
and  built  by  other  members  of  the  Physical  Electronics  Laboratory. 

It  provided  360“  of  rotation,  two  tilting  planes  (approximately 
orthogonal),  and  5 centimeters  of  vertical  motion.  These  motion 
capabilities  were  more  than  adequate  for  use  in  these  studies. 

The  sample  films  were  deposited  on  a tantalum  (Ta)  substrate 
fabricated  of  0.010  inch  thicl<  sheet  as  shown  in  Figure  12.  The 
Ta  piece  at  the  end  of  the  manipulator  arm  was  changed  for  the 
deposition  of  each  sample  in  order  to  eliminate  possible  contami- 
nation by  residue  left  from  a previous  sample. 

b.  Positioning  procedure 

Critical  to  these  studies  was  the  ability  to  control  positioning 
of  the  samples  relative  to  the  incident  electron  beam  used  in  AES 
measurements  and  the  incident  light  beam  used  in  photoemission 
measurements.  Sample  non-uniformities  and  sample  changes  due  to 
electron  bombardment  necessitated  this  positioning  information. 

The  location  of  the  light  and  electron  beams  were  fixed  relative 
to  the  experimental  chamber.  Positioning  the  sample  relative  to 
these  fixed  beams  was  accomplished  in  the  following  manrier.  The 
rotation  cylinder  of  the  sample  manipulator  shown  in  Figure  11 
had  a flat  top  and  a degree  of  rotation  indicator.  The  manipulator 
assembly  was  leveled  at  a fixed  rotation  position  by  placing  a 
machinists  level  on  the  rotation  cylinder  and  manipulating  the 
two  tilling  planes.  The  substrate  was  located  ~5.75  cm  from  the 
axis  of  rotation  of  the  manipulator,  and  one  degree  of  rotation 
translated  into  -1  mro  of  horizontal  motion  of  the  substrate 
relative  to  the  fixed  electron  and  light  beams.  Three  sets  of 
threaded  rods  and  threaded  sleeves  were  used  to  produce  vertical 
motion  of  the  manipulator.  The  throadpitch  of  the  sleeves  and 
rods  translated  into  ~0.9  mm  of  vertical  motion  of  the  substrate 
per  sleeve  rotation.  A zero  for  vertical  motion  was  established 
relative  to  the  fixed  experimental  chamber.  The  accuracy  of  the 
positioning  system  was  checked  by  comparison  of  the  substrate 
edges  as  seen  by  AES  and  photoemission  measurements  with  the  actual 
dimensions  of  the  substrate,, and  by  repeated  measurement*?.  Consis- 
tent positioning  to  within  ^ nun  was  obtained  in  this  manner. 

At  an  early  btage  of  these  studies  a phosphor  target  was 
substituted  for  the  auxiliary  target  on  the  sample  manipulator. 

Visual  observation  of  the  light  beam  size  and  the  AES  incident 
electron  beam  size  on  the  target  indicated  both  were  “l.S  nun 
in  diameter.  The  size  of  the  light  beam  on  the  target  was  difficult 
to  determine  due  to  its  orthogonal  position  relative  to  the  experi- 
mental chamber  viewport.  Confirmation  of  the  light  beam  aize  oh 
the  sample  was  obtained  by  teats  of  the  optics  system  made  indepen- 
dent of  the  experimental  chamber. 
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c. 


Heating  and  temperature  measurement 


Sample  temperatures  were  measured  using  the  Pt  and  Pt  + in%  Rh 
thermocouple  spot  welded  to  the  back  of  the  substrate  as  shown  in 
Figures  11  and  12.  The  substrate  was  heated  by  passing  current 
through  a tungsten  filament  which  was  mounted  behind  the  substrate 
and  also  shown  in  Figures  11  and  12.  Before  the  start  of  sample 
deposition  a correlation  between  substrate  temperature  and  heater 
filament  current  was  established.  Subsequently  the  substrate 
heater  filament  current  was  used  as  a measure  of  substrate  heating. 

’tent  temperature  readings  to  within  IP^C  were  obtained  in  this 
manner.  Additional  substrate  heating  also  occurred  due  to  the 
deposition  chamber  wall  heater  when  the  substrate  was  in  the  deposi- 
tion chamber  wi?idow,  but  this  additional  heating  was  less  than  5®C 
for  the  normal  deposition  times  used.  The  deposition  chamber  is 
discussed  in  Section  II. 3a. 

The  substrate  and  its. heater  filament  were  degassed  following 
the?  vacuum  system  processing  and  prior  to  sample  deposition.  The 
degassing  process  was  to  heat  the  substrate  at  200“C  until  the 
ionization  gauge  pressure  reading  went  through  a maximum  and 
stabilized.  This  pressure  stabilization  required  <60  minutes  and 
degassing  times  used  were  =•60  minutes. 

d.  Sputter  cleaning 

A sputtering  chamber  and  xenon  gas  admission  system  were 
included  in  the  experimental  apparatus  for  three  possible  uses: 

1)  . sputter  cleaning  of  the  substrate  between  sample  depositions, 

21  cleaning  of  the  subscrate  before  sample  deposition,  and  3)  depth 
profiles  of  the  sample  components  via  AES.  All  three  possible  uses 
were  tested  and  even tual.iy  abandoned. 

Vfhen  sputterimj  was  done,  the  circuit  shown  in  Figure  13  was 
used.  / 

Sputter  cleaning  of  the  agbstrato  between. sample  depositions 
to  allow  reulti pie  Samples  to  be  deposited  with  only  one  vacdum 
chamber  opening  did  not  pro^e  to  be  a practical  idea.  Con^lete 
removal  of  an  existing  sample  reguired  extended  sputtering  times, 
and  electrical  insulators  throughout  the  experimental  chamber 
were  repeatedly  shorted  by  sputtered  material.  Much  time  v«is 
lost  to  Opening  the  vacuirr,  nyotem  and  cleaning  the.se  insulators. 

In  addition,  at  the  end  of  most  sample  depositions  one  or  more 
constituent  sources  heeded  to  be  replenished,  and  the  vacuum 
chamber  had  to  be  opened  for  that  reason. 

Most  use  of  the  guttering  capability  was  fot  substrate  cleaning 
prior  to  sample  depbsitibni  the  offsets  of  Substrate  cleaning  are 
discussed  in  Section  ni.*2 

Attempt#  to  obtain  depth  profiles  of  the  sample  components  vfere 
also  unsuccessful  for  a number  of  reasons.  Sputtering  products 
contaminated  the  experimental  chamber.  The  relative  sputtering 
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rates  of  the  constituents  were  not  known.  The  xenon  gas  pressures 
(~1  X 10~3  Torr)  necessitated  long  pumpdown  periods  between  sput- 
tering and  AEb  analysis.  Some  contaminants  were  introduced  to  the 
experimental  chamber  v/ith  the  xenon  gas. 

The  s[)uLtcrii.^  capabil  i ties  in  the  experimental  chamber  were 
used  only  early  in  these  studies. 

3.  Deposition  chamber  and  constituent  sources 

a.  Deposition  chamber 

Diagrams  of  the  chamber  used  for  deposition  of  the  constituents 
are  shown  in  Figures  14  and  15.  This  deposition  chamber  was  fabri- 
cated from  0.020  thick  stainless  stell  sheet,  and  in  such  a manner 
that  the  top  and  one  side  could  be  removed  to  allow  replacement 
of  the  alkali  metal  dispensers  and  reloading  of  the  antimony 
evaporator.  When  the  constituents  were  deposited  the  substrate 
was  moved  into  the  deposition  chamber  window. 

b.  Antimony  source 

The  antimony  source  used  was  a resistively  heated  Ta  evaporator 
filled  with  Sb  powder.  A diagram  of  the  Sb  evaporator  is  shown 
in  Figure  16.  it  was  constructed  of  0.0002  inch  thick  Ta  sheet 
into  which  cup  shaped  depressions  were  formed  with  a round  ended 
tool.  The  hole  in  the  top  cup  was  drilled,  and  the  two  halves  were 
spot  welded  together.  The  top  hole  iti  the  evaporator  and  the  chute 
directly  above  it  in  the  deposition  chamber  served  to  channel  the 
Sb  vapor  to  the  deposition  chamber  window.  Fisher*s‘^  experience 
With  a similar  Ta  evaporator  in  his  studies  of  Nd3Sb  showed  that 
such  an  evaporator  would  be  suitable  as  an  Sb  source  for  these 
studies. 

The  powdered  Sb  was  obtained  by  crushing  small  crystals  of 
the  metal  with  a mortar  and  pestle  immediately  prior  to  loading 
the  evaporator.  The  Sb  metal  was  obtained  from  the  J.  T.  Baker 
Chemical  Company  of  Phillipsburg,  Pennsylvania,  ''hemical  analysis 
of  the  Sb  by  the  supplier  is  shown  in  Table  A. 


Element 
Antimony 
I ron 

Arsenic  0.004 

Lead  0.004 

Copper  0.002 

These  concentrations  of  the  contaminants  are  below  the  sensitivity 
oi  AES  analysis. 


Table  A 


100 

■ 0.0^2 


Loadinq  the  Sb  evaporator  was  more  involved  that  might  appear 
on  the  surface.  Pouring  Sb  powder  into  the  evaporator  until  the 
cup  was  full  did  not  provide  sufficient  Sb  for  formalion  of  samples 
of  the  desired  thickness.  The  procedure  used  to  get  enough  Sb  into 
the  evaporator  was  to  pour  it  full  and  then  pack  the  Sb  with  a wire 
mounted  on  a handle.  Twenty  to  thirty  pouring  and  packing  operations 
were  required  to  fill  the  evaporator. 

During  the  loading  of  the  Sb  evaporator  the  deposition  chamber 
had  to  remain  in  approximately  the  orientation  it  would  have  when 
mounted  on  the  experimental  chamber  or  the  Sb  powder  could  spill 
out.  A special  stand  was  built  for  this  purpose  because  the 
normal  stands  for  holding  the  deposition  chamber  flange  would  have 
resulted  in  positioning  orthogonal  to  the  experimental  position. 
Loading  the  Sb  evaporator  would  have  been  impossible  in  such  a 
case . 


Immediately  prior  to  the  first  Sb  deposition  the  evaporator 
was  degassed  by  passing  current  below  the  threshold  for  Sb 
evaporation  through  the  evaporator  for  60  seconds  followed  by 
current  at  the  threshold  level  for  30  seconds. 

c.  Alkali  metal  sources 

The  alkali  metal  sources  used  in  this  study  were  dispenser 
channels  manufacturoo  by  SAES  Getters,  Inc.  of  Milan,  Italy. 
Diagrams  of  the  channel  construction  are  shown  in  Figure  17.  Such 
channels  are  the  normal  means  used  to  introduce  the  alkali  metals 
in  commercial  photocathodo  production,  and  SAES  Getters,  Inc, 
does  supply  channels  to  some  photocathodo  producers  for  this 
purpose.  Detailed  information  regarding  the  fabricatiott  of  the 
channels  was  considered  propt letary  and  was  not  available  from 
the  manufacturer  for  that  reason.  The  information  that  was 
available  concerning  the  channels  indicated  the  alkali  metals 
were  probably  present  in  chromate  salts.  The  alkali  metal  was 
released  as  a vapor  by  reaction  of  the  chromate  salt  with  a re- 
ducing agent.  Reducing  agents  used  for  this  purpose  include  Si, 
Al,  Zr,  W,  and  Fe.  The  reducing  agent  used  in  the  SAES  channels 
was  probably  a combination  of  84%  Zr  and  Al.  Reactions  in 
the  channels  for  these  two  reducing  agents  would  be  as  follows: 

iKjCrO^  + Zr  * 4K  + iriCv^)^ 

iNa^CrO^  ♦ 2A1  ♦ 3Na  f Al^tCrO^lj 

The  chromate  salts  and  the  reducing  agents  meet  a number  of 
requirements  mandated  by  photocathode  production.  Their  reaction 
temperatures  are  greater  than  the  maximum  temperature  (450*0  used 
to  degas  vacuum  tubes  prior  to  photocathods  deposition.  They  are 
stable  in  atmosphere  and  do  not  absorb  much  water  vapor.  The 
veaction  products,  other  than  the  alkali  vapors,  are  minimal. 
Control  of  current  through  the  channels  controls  their  temperature 
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and  thereby  the  reaction  rate  ot  the  chromate  salt  and  reducing 
agent . 


The  alkali  channels  did  not  have  line-of-sight  to  the  deposi- 
tion chamber  window.  In  order  to  move  the  alkali  vapors  from  the 
channel  space  in  the  deposition  chamber  to  the  samples,  the  walls 
of  the  channel  space  were  heated.  The  heater  used  was  a 0.007  inch 
diameter,  resistiv'ely  heated  tungsten  wire  shown  in  Figures  14  and 
15.  This  heater  was  necessary  for  successful  deposition  of  all  the 
alkali  constituents.  If  the  heater  was  not  used  it  was  not  possible 
to  move  Na  to  the  samples.  K could  be  moved,  but  only  to  a 
limited  extent.  Only  Cs  was  easily  moved  to  the  samples.  The 
vapor  pressure  curves  of  the  alkali  constituents  are  shown  in 
Figure  18,  and  they  explain  the  differences  in  deposition  ease  when 
the  heater  was  not  used.  When  the  heater  was  used  it  was  no 
problem  to  move  any  of  the  alkali  constituents  to  the  samples. 

The  effectiveness  of  the  deposition  chamber  heater  was  evidenced 
by  examination  of  the  residue  left  in  the  channel  space  following 
sample  formation.  This  examination  was  done  while  replenishing 
the  constituent  sources  when  the  deposition  chamber  was  exposed 
to  the  atmosphere.  If  the  deposition  chamber  heater  had  been 
utilized  no  residue  was  found  on  the  walls  of  the  channel  space. 

If  the  heater  had  not  been  used  a white,  crystalline  residue 
was  found.  Kxposurc  of  alkali  metaLs  to  air  results  in  formation 
of  white  compounds  such  as  NaOH,  etc.  During  alkali  depositions 
a current  of  2.1  amperes  was  passed  through  the  deposition  chamber 
heater  causing  the  filament  to  glow  a dull  red  color. 

d.  Chamber  and  source  degassing 

Before  deposition  of  a sample  the  deposition  chamber  was 
degassed  by  leaving  its  heater  operating  for  20  - 48  hours.  Prior 
to  each  alkali  deposition  the  heater  was  turned  on  for  5-10 
minutes  to  allow  the  chamber  walls  to  heat.  After  the  first 
alkali  deposition  on  a sample  this  chamber  warmup  prior  to  alkali 
deposition  also  served  to  remove  residue  from  a previous  alkali 
deposition. 

Degassing  of  the  alkali  channels  was  done  before  the  first 
deposition  of  each  alkali.  The  currents  used  for  the  degassing 
were  different  for  each  alkali  and  are  shown  in  Table  B. 

Table  B 


Alkali 

Min.  and  Max. 
Currents  to 
start  reactions 

Deg  ssing 
current  30 
seconds 

Degassing 
current  15 
seconds 

Na 

6.S  * 6.8  Amp 

6.0  As^ 

7.0  Amp 

K 

4.9  - 5.4  Asg> 

4.5  Amp 

5.5  Amp 

Cs 

4.3  - 4.4  Amp 

4.0  Amp 

4.5  Amp 

Information  on  the  minimum  and  maximum  currents  to  start  reaction 
in  a channel  was  obtainsd  from  SAES  Getters,  tnc. 


13 


Use  '»♦  !'uro  .ilkali  metal  sources  lor  alkali  depositions  on 
the  samples  was  c’on  side  red  but  not  attempted  loi  a number  of 
reasons.  Usinq  the  alkali  channels  paralleled  commercial  produc- 
tion of  Na2KSb(Cs)  photocathodes.  Pure  .ilkali  metals  are  very 
reactive  chemically  in  air,  and  this  would  have  created  many 
handlintj  difficulties.  The  room  temperature  vapor  pressure  of 
K and  Cs  would  have  required  coolinq  of  the  K and  Cs  sources  and 
a more  complex  and  expensive  experimental  apparatus.  Pure  alkali 
metal  sources  wore  not  a proven  moans  to  deposit  alkali  materials 
at  the  start  of  these  studies,  and  when  they  were  tried  by  others 
their  operation  was  not  entirely  successful. 

c.  Deposition  monitoring 

Unsuccessful  attempts  were  made  to  monitor  the  photoemission 
of  the  samples  in  response  to  a white  light  during  deposition  of 
the  constituents.  The  white  light  source  was  a piece  of 
0.040  X 0.001  inch  tungsten  ribbon  heated  resistively  to  an  in- 
candescent state  and  located  inside  the  deposition  chamber  as 
shown  in  Figure  14.  Photoelectrons  emitted  by  the  samples  were 
collected  by  placing  a positive  bias  on  the  stainless  steel 
collector  plate  located  "2  cm  from  the  deposition  chamber  window. 
(This  was  -2  cm  from  the  sample  when  the  substrate  was  placed  in 
the  deposition  chamber  window.)  A hole  in  the  collector  also 
served  as  the  last  of  three  collimating  apertures.  Discussion  of 
the  failure  of  tliis  scheme  and  suggestions  for  an  improved  moni- 
toring capability  are  included  in  Section  III.l. 

Photoemission  of  the  samples  was  monitored  by  talcing  spectral 
yield  data  or  the  quantum  yield  at  a single  photon  energy.  Any 
check  of  sample  photoemission  required  stopping  the  deposition 
then  in  progress,  turning  off  the  deposition  chamber  heater  and 
moving  the  sample  to  the  photomeasurements  position  in  the 
experimental  chamber.  Monitoring  caused  the  deposition  process 
to  be  a step  by  step  procedure,  and  it  is  possible  that  peak 
sample  photoemission  was  elusive  beacuse  it  occured  at  the  mid- 
point of  a deposition  step  and  thereby  werjt  undetected. 

4.  Photoemission  measurements 

a.  Optics  system  and  calibration 

Measurements  of  photoelectric  yield  and  energy  distributions 
of  photoelectrons  from  the  samples  were  made  using  the  light  source 
and  optics  system  shown  in  Figure  19  and  the  three-grid  hemispherical 
analyzer  shown  in  Figure  20.  Design  of  the  photoemission  measure- 
ments systeni  was  by  D.  G.  Fisher  of  this  laboratory;  some  of  the 
details  of  the  system  are  explained  in  the  following  text. 

The  light  source  was  a 150  watt  xenon  lamp  powered  and  ignited 
by  a Bausch  and  Lomb  Model  No.  33-86-20  power  supply.  The  xenon 
lamp  had  reasonably  consistent  and  sufficient  intensity  over  the 
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photon  energy  range  (1.55-^). '30  e-v)  used  in  these  studios.  Down- 
stream from  the  xenon  lamp  were  two  monochromators.  Monochromator 
No.  I was  a Bausch  and  Bomb  Mode!  No.  33-8^-25  High  Intensity 
Monochromator  which  used  three  different  gratings  as  shown  in 
Table  C. 


Table  C 


Photon  energy  (cv)  Grating  (Bausch  and 

l.omb  Model  No.  ) 


4.00  - 

1.16 

uv 

33-86-02 

i . 1 0 - 

1.60 

Visible 

33-86-01 

1.63  - 

1.  15 

IH 

33-86-03 

Monochronuitor  No.  2 was  a Bausch  and  Lomb  Motlel  No.  13-86-40  and 
used  a single,  2S0  mm  grating. 

The  first  monochromator  was  dominant  in  the  dererminat ion  of 
the  bandwidth  of  tht‘  light  passed  by  the  optics  sysiem.  The  band- 
width of  the  light  passed  by  this  mmiochromator  was  dependent  upon 
both  the  grating  and  the  size  of  the  exit  used.  Table  D shows 
the  bandwidth  of  the  1 ight  passed  by  the  system. 

Table  t) 


Grat ing 

Orating 

Bandwidth 

Kx i t slit 
also 

Bandwidth  of 
1 ight  passed 

UV 

0.75  mm 

2.4  «m 

Visible 

6.4mis/mm 

0. 75  mm 

4 . 8 ifm 

IR 

12. 8m;</mm 

0.75  mm 

9.6  ..m 

It  is  not  possible  to  eliminate  all  stray  light  with  a single 
monochromator  due  to  reflections  from  optical  surfaces,  mountings, 
walls,  etc.  Because  the  two  monochromators  used  here  were  of 
considerably  different  design  it  is  unlikely  that  any  stray  2 ight 
emitted  from  the  first  might  also  pass  through  the  second.  The 
main  function  of  the  second  monochromator  was  to  insure  the 
spectral  purity  of  the  light. 

Following  the  monochromators  were  filters  employed  to  elimi- 
nate higher  order  harmonics  of  the  frequency  selected  by  the  mono- 
chromators. Following  the  filters  were  plater  of  quarts  set  at  an 
angle  to  reflect  a fraction  of  the  light  to  the  active  areas  of 
two  photocells.  The  photocells  used  were  a RCA  Model  Mo.  917  and 
a RCA  Model  No.  93S.  Two  photocells  %«ere  required  because  of  the 
range  of  photon  energies  used  in  these  studies*  The  915  photocell 
has  a high,  uniform  response  in  the  ultraviolet  and  visible 
regions  of  the  spectrum,  but  its  response  drop  rapidly  in  infrared 


reqinns  whore  the  917  photocell  was  employed  because  of  its  more 
uniform  response.  The  response  of  the  photocells  was  calibrated 
as  a measure  of  the  liqht  incident  on  the  samples.  This  calibration 
was  done  using  a thermopile  in  a position  comparable  to  the  sample 
posit. ion  and  correlating  the  thermopile  response  with  that  of  the 
photocells  at  0.05  eV  intervals. 

Particulars  concerning  the  thermopile  were  as  follows:  manu- 

factured by  Eppley,  Se’-ial  No.  4100,  special  circular  type,  1C 
junction,  silver  bismen,  and  mounted  in  a vacuum  enclosure.  The 
thermopile  was  calibrated  against  the  radiant  flux  from  .Radiation 
Standard  No.  C 63'!  from  the  National  Bureau  of  Standards.  The 
photocell  current  vas  measured  both  during  calibraiton  and  spectral 
yield  data  collection  using  a Keithley  Model  620  ele'^trometer . The 
circuit  used  for  making  quantum  yield  measurements  is  shown  in 
Ficiure  21.  A collector  voltage,  = +135  V,  was  found  to  be 
sufficient  to  saturate  the  photocurrent  from  the  samples.  A 
Keithley  Model  620  electrometer  was  used  to  measure  current  in 
the  sample  lead. 

b.  Accuracy  of  quantum  yield  measurements 

Detailed  analysis  by  Fisher29  showed  that  yield  measurement 
error  due  to  the  bandwidth  of  the  light  : -issed  by  the  monochromators 
was  -1%.  If  stray  light  was  passed  by  the  monochromators  then 
the  spectral  yield  curves  could  be  expected  to  have  a tail  in  the 
thres.hold  region.  No  such  tail  was  found.  The  accuracy  of  the 
sample  and  photocell  current  meters  was  I'l. , and  could  introduce 
a maximum  of  2%  error. 

The  cumulative  error  in  quantum  yield  measurements  introduced 
by  the  succession  of  instruments  required  to  calibrate  the  optics 
system  is  estimated  to  be  ’'S'l. 

Probably  the  greatest  single  uncertainty  in  the  yield  measure- 
ments was  due  to  tho  non-uniformity  of  the  active  areas  of  the  917 
and  935  phccocells.  The  arc  in  the  xenon  lamp  would  occasionally 
cliange  position  on  the  lamp  electrodes,  and  this  would  cause  a 
slightly  different  part  of  the  active  areas  of  the  photocells  to 
be  illuminated.  A crude  estimate  of  the  non-uniformity  in  the 
active  area  of  the  photocells  would  bo  10%.  When  such  arc  move- 
ment occurred  the  intensity  through  the  optics  system  sometimes 
( r.anged  markedly.  Countering  the  possible  error  introduced  here 
was  the  procedure  used  in  these  studies  of  adjusting  the  position 
of  the  lamp  arc  at  the  beginning  of  each  yield  data  run.  This 
arc  alignment  was  also  done  at  any  time  the  photocell  readings 
indicated  a change  in  lamp  arc  position.  Using  this  procedure 
the  photocell  readings  from  one  yield  data  run  to  the  next  were 
kept  quite  uniform,  and  this  implied  the  same  active  area  of  the 
photocalls  was  being  used. 

Considering  all  possible  sources  of  photoelectric  yield  measure-^ 
ment  error  the  absolute  accur.ncy  of  such  measurements  is  estimated 
to  bo  '10%. 
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c.  Energy  di st r ib'.’t  i'>n  of  photoelectrons 


Measurements  of  energy  distributions  of  photoelec^rons  were 
done  on  only  a few  samples,  and  no  pertinent  data  was  derived  from 
these  measurements.  The  circuit  that  was  used  is  shown  in  Figure 
22.  A.s  a result  of  depositions  of  the  sample  constituents  elec- 
tri^.al  resistance  paths  from  the  sample  to  ground  were  sometimes 
formed  and  were  of  the  order  1 x 10^  to  1 x lOl^  ohms.  The  input 
resistance  of  the  vibrating  reed  electrometer,  used  here  in  the 
feedback  mode,  was  ~1  x 10^0  ohms.  When  the  leakage  oaths  formed 
it  proved  to  be  impossible  to  obtain  energy  distribution  data  from 
the  samples. 

5.  Auger  electron  spectroscopy 

a.  General  description  of  AES 

Aiujor  electron  spectroscopy  (AES)  was  used  to  determine  the 
atomic  species  present  in  the  first  few  atomic  layers  of  the 
samples.  Details  of  AES  have  been  discussed  by  several  authors;  ' 
only  a brief  description  will  be  included  here. 

A target  matei  ial  under  AF.S  analysis  is  bombarded  with  a beam 
of  electrons.  If  the  energy  of  these  incident  electrons  is  suf- 
ficient they  may  ionize  a target  atom  by  removing  an  electron 
from  an  inner  shell.  The  target  atom  then  relaxes  by  transition 
of  an  outer  shell  electron  to  the  inner  shell  vacancy.  Conservation 
of  energy  requires  the  atom  omit  either  an  x-ray  or  an  electron  as 
a result  of  th^.  relaxation  process.  Electrons  emitted  in  such 
fashion  are  called  Auger  electrons.  The  electron  energy  levels 
of  an  atomic  specie  are  discrete  and  unique,  so  an  Auger  electron 
is  emitted  with  an  energy  identifying  the  of  its  origin. 

Energy  malysis  of  electrons  omitted  by  a target  material  due  to 
interaction  with  the  incident  electron  beam  comprises  the  second 
part  of  AES.  In  these  studies  a four  grid  hemispherical  LEED  - 
Auger  optics  system  and  the  circuit  shown  in  Figure  23  wore  used 
for  electron  energy  analysis.  Weber  a.nd  Peria^^  have  shown  the 
suitability  of  using  such  a system. 

A retarding  potential  curve  obtained  using  the  grid  system 
Shown  in  Figure  23  is  measurement  of  the  electron  current  from  the 
target  to  the  collector  as  a function  of  the  potential  on  the 
retarding  grids,  C»2  and  Gj.  The  number  of  Auger  electrons  emitted 
is  small  cOwp<^red  to  the  total  emission  from  a sample.  For  this 
reason  the  second  derivative  of  the  retarding  potential  curve 
was  obtained  electronically,  as  proposed  by  Harris, to  make 
evidence  of  Auger  electrons  more  prominent  in  the  data. 

Not  all  atoms  have  the  same  probability  of  emitting  an  Auger 
electron  due  to  electron  bombardment,  and  not  every  electron 
transition  within  an  atom  is  equally  probable.  Identification 
of  atomic  species  represented  by  peaks  in  the  AES  spectra  was 
aided  by  charts  and  example  spectra  reported  by  other  researchers 
and  egulpwent  manufacturers. 
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The  enerqy  of  the  incident  electrons,  1500  eV,  was  determined 
to  some  extent  by  limitation  of  the  electron  qun  power  supply, 
but  this  energy  proved  to  be  sufficient.  The  parameters  of  incident 
beam  current,  20  uA,  and  modulation  amplitude,  10  V peak-to-peak , 
were  selected  by  trial  with  the  AES  system  to  obtain  maximum 
sensitivity  while  using  minimum  incident  current. 

b.  AES  spectra  particular  to  these  studies 

Figure  24  lists  the  AES  peaks  found.  If  more  than  one  AES 
peak  representing  an  atomic  specie  was  available  in  the  spectra, 
the  largest  and  most  noise  free  peak  was  selected  to  monitor  the 
population  of  that  specie  in  the  first  few  atomic  layers  of  the 
target.  Note  that  there  are  two  AES  peaks  listed  for  use  in 
monitoring  the  Cs  population.  The  Cs  AES  peak  doublet  appearing 
at  565  - 575  eV  was  used  for  all  but  the  last  few  samples.  At  the 
start  of  these  studies  the  following  arguments  were  presented 
against  use  of  the  Cs  AES  peak  appearing  at  47  eV.  Work  by  others^ 
of  this  laboratory  indicated  all  AES  peaks  at  ^'75  eV  were  poor 
monitors  for  specie  population.  A large  number  of  true  secondary 
electrons  emitted  from  the  samples  at  -75  eV  cause  a large  and 
rapidly  changing  background  in  the  AES  spectrum  from  0 - 75  eV 
energy.  Also  a great  many  species  have  AES  peaks  at  <75  eV 
separated  by  only  a few  eV,  and  resolution  is  often  difficult. 

For  instance,  antimony  has  an  AES  peak  appearing  at  50  eV.  Later 
in  these  studies  the  large  magnitude  of  the  Cs  47  eV  AES  peak 
prevailed  over  the  arguments  listed  above. 

If  two  values  are  indicated  for  the  electron  energy  at  which 
an  AES  peak  occurred  (Column  2,  Figure  24)  the  peak  was  a doublet. 

Note  the  letters  found  in  Column  3 of  Figure  24.  The  first 
of  the  three  letters  indicates  the  atomic  shell  ionized  by  the 
incident  electron  beam.  The  second  letter  identifies  the  atomic 
shell  from  which  an  electron  made  the  transition  to  the  fisrt 
shell  in  order  to  relax  the  ionized  atom.  The  third  letter 
indicates  the  atomic  shell  from  which  the  Auger  electron  was 
emitted. 

c.  be.  . sensitivity  of  AES  and  sensitivity  of  AES  to 
constituents 

The  escape  depth  of  the  Auger  electrons  is  somewhat  dependent 
upon  their  energy  as  shown  in  Column  4 of  Figure  24.  The  escape 
depths  listed  are  estlMtes  based  on  a compilation^^  of  escape 
depth  studies  .'’y  several  researchers.  Of  special  note  is  the  great 
difference  in  the  escape  depths  of  the  A«'ger  electrons  ('lo  A) 
compared  to  the  escape  depth  of  phptoelectrons  for  alkali  anti- 
monide  materials  (2S0  A). 

During  formation  of  the  samples  both  hexagonal  and  cubic 
crystal  structures  were  expected  to  be  present  for  the  various 
combinations  of  alkali  antimonide  compounds  that  comprised  the 
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films.  Representative  of  these  crystal  structures  are  the  unit 
cells  for  Na2KSb  (cubic)  and  Na3Sb,  K3Sb  (hexagonal)  shown  in 
Figure  25.  Comparison  of  the  crystal  lattice  dimensions  shown  in 
Figure  25  with  the  escape  depths  of  the  Auger  electrons  listed  in 
Column  4 of  Figure  24  shows  AES  analysis  was  sensitive  to  species 
in  the  first  3-4  atomic  monolayers.  There  was  no  way  to  dis- 
tinguish whether  a specie  was  present  only  in  the  surface  monolayer. 

Studies  by  others^^  have  determined  the  sensitivity  of  AES 
analysis  to  the  presence  of  Na,  K,  and  Cs  on  ordered  Ge  surfaces; 
the  results  of  s ich  studies  are  shown  in  Table  E. 


Table  E 

Alkali  specie 

Smallest  % of  mono- 
layer  detected 

Substrate 

Na 

5 - 10% 

Ge 

K 

1% 

Ge 

Cs 

1% 

Ge 

There  can  exist  some  differences  in  the  magnitude  of  the  AES 
signal  from  a specie  depending  upon  the  presence  of  other  species 
in  the  target.  These  differences  in  AES  signals  are  believed  to 
be  due  to  differences  in  electron  backscattering  of  species. 37 
However,  it  is  not  known  whether  the  limit  of  detectibility  of  a 
specie  would  be  affected  by  differences  in  electron  backscattering. 
In  addition  no  large  differences  in  the  electron  backscattering 
of  Ge  and  alkali  antimonides  are  expected.  Thus  the  AES  sensi- 
tivity to  Na,  K and  Cs  in  these  studies  should  be  similar  to  that 
found  in  the  studies  of  alkali*  overlayers  on  Ge  substrates.  The 
sensitivity  of  AES  to  Sb  was  estimated  by  assuming  a linear 
reduction  of  the  Sb  AES  peak  size  with  reducing  Sb  population 
and  knowledge  of  the  Sb  peak  size  from  clean,  pure  Sb.  Such  a 
calculation  would  give  2-3%  Sb  as  the  threshold  amount  for  AES 
detection  in  these  studies. 

The  estimates  of  AES  sensitivity  to  Na,  K,  Cs,  and  Sb  were 
used  only  to  judge  the  minimum  specie  population  that  would  be 
detected.  The  calibration  of  AES  peak  height  with  species 
population  is  discussed  in  Section  III. 7b. 

6.  Schedule  of  deposition  and  analysis  used  in  these  studies 

Before  deposition  of  a sample  visual  and  AES  inspections  were 
made  of  the  substrate.  Sample  formation  always  began  with  deposi- 
tion of  Sb  while  the  substrate  was  at  room  temperature.  This 
first  Sb  deposition  was  then  checked  visually  and  via  AES  for 
uniformity  and  possible  contamination.  K was  the  next  constituent 
deposited  with  the  substrate  normally  at  room  temperature  although 
occasionally  it  was  heated.  Collection  of  spectral  yield  data 
began  at  this  stage  with  visual  and  AES  analysis  continuing. 
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With  the  K deposition  the  photoemission  of  the  sample  became 
great  enough  to  allow  correlation  of  the  manipulator  position 
with  the  position  of  the  light  beam  on  the  sample.  Prior  to  this 
point  the  photoemi.ssion  of  the  Ta  substrate  and  of  the  original 
Sb  deposition  were  not  large  enough  to  permit  good  resolution  of 
the  sample  edges  as  seen  by  photoemission  measurements.  Positioning 
of  the  AES  analysis  locations  had  been  done  on  the  substrate 
earlier,  and  now  a correlation  between  AES  and  yield  data  positions 
could  be  made.  Several  K depositions  were  usually  required  at 
this  stage,  and  the  sample  was  sometimes  heated  between  deposition 
attempts. 

To  determine  when  Na  was  to  be  deposited  a comparison  was 
made  between  the  spectral  yield  of  the  sample  and  the  spectral 
yield  results  fcr  K3Sb  reported  hy  Spicer^^  and  Jeanes.^0  if  the 
sample  spectral  yield  equalled  or  exceeded  that  of  the  standards 
set  then  Na  deposition  was  initiated.  The  Na  deposition  was  also 
done  at  either  room  temperature  or  at  elevated  temperatures,  and 
the  sample  was  sometimes  heated  between  deposition  attempts.  To 
decide  whether  the  sample  was  ready  for  Cs  deposition  the  spectral 
yield  of  the  samp'. e was  compared  with  the  spectral  yield  of  Na_KSb 
reported  by  Spicer.^'*  ^ 

When  the  spectral  yield  results  were  not  comparable  to  the 
standards  set,  and  especially  after  all  constituents  had  been 
deposited,  the  decision  whether  or  not  to  heat  the  sample  or  which 
constituents  to  deposit  came  from  a comparison  of  the  AES  results 
from  the  sample  with  those  from  the  most  successful!  sample  formed 
previously.  Positive  or  negative  spectral  yield  changes  duo  to  the 
heating  or  deposition  then  determined  to  what  extent  the  heating 
or  deposition  was  continued.  The  spectral  yield  standards  for 
the  final  stage  of  the  samples  were  the  spectral  yield  results  for 
Na2KSb(Cs)  re{X3rted  by  Spicer and  the  typical  S-20  photocathode 
response  curve  published  by  ITT.^®  Depositions  cf  the  constituents 
and/or  sample  heating  was  continued  until  the  effect  of  such 
attempts  wa.s  either  detrimental  or  had  no  effect  on  sample  photo- 
emission. 

Iterative  depositions  of  the  constituents  to  achieve  maximum 
sensitivity  (the  "yo-yo"  process  or  alternations  discussed  in 
Section  1.5)  were  generally  not  successful  in  increasing  sample 
photoemission.  When  iterative  depositions  were  attempted  they 
normally  resisted  in  decreasing  the  photoemission  of  the  samples. 

The  visual  and  AES  inspections  of  the  first  Sb  deposition 
beginning  sample  formation  were  not  sufficient  to  determine 
whether  the  original  Sb  deposition  Was  adequate  to  result  in  a 
final  film  of  desired  thickness.  (As  discussed  in  Section  1.2 
a final  sample  thickness  >250  a was  required  to  achieve  maximum 
quantum  yield.)  Visual  observation  was  only  cspable  of  detecting 
gross  sample  changes  and  the  deposition  of  Sb  on  Ta  was  very 
difficult  to  detect,  AES  was  Inadequate  to  determine  the  thickness 
of  the  original  Sb  deposition  as  the  following  calculation 
demonstrates. 
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The  bulk  of  the  sample  films  consisted  of  Na2KSb. 
Let:  F = atomic  weight  of  Sb/ntomic  weight  of  Na2KSb 


= 122/(2  X 23  + 39  + 122)  = 0.59 


V = volume  of  film  250  A thick  - 1 x 1 x 250  x 10  ^cm^ 
B 

d = density  of  Na  KSb  - 2.937  gm/cm^ 

B z 

3 

d^  = d nsity  of  Sb  = 6.691  gm/cm 


t = thickness  of  original  Sb  layer  for  sample  250  A thick 
t = 5 ~ 65  A 


Comparison  of  t above  with  the  escape  depth  of  Auger  electrons 
(Column  4,  Figure  24)  shows  the  depth  of  AES  analysis,  -10  A, 
as  too  shallow  to  detect  sufficient  thickness  of  the  original 
Sb  deposition. 


To  determine  whether  an  or iq inal  Sb  deposition  was  sufficiently 
thick  a comparison  was  made  between  the  quantum  yield  (measured 
at  4.00  eV  photon  energy)  of  the  sample  and  that  of  K3Sb,  Na2KSb, 
and  Na2KSb(Cs)  reported  by  Spicer^'*  and  Jeanes.^*^  Samples 
•250  A thick  would  be  expected  to  demonstrate  lower  quantum  yield 
values  than  those  -250  ^ thick  because  of  light  absorption  by  the 
Ta  substrate  as  is  discussed  in  Section  IT. 7,  The  same  Sb  evapora- 
tor was  used  for  several  samples  and  after  the  first  sample 
deposition,  the  time  and  evaporator  current  values  needed  for 
adequate  Sb  deposition  were  established  for  later  samples. 

7.  Transmission  mode  and  reflection  mode  utilization  of 
photocathodes 


Photocathode  films  are  utilized  in  either  transmission  mode, 
or  reflection  mode.  In  transmission  mode  applications  the  light 
is  incident  through  a transparanot  substrate  on  one  side  of  the 
film,  and  the  photoelectrons  are  emitted  on  the  opposite,  vacuuum 
interface  as  shown  in  Figure  26A.  In  reflection  mode  applications 
both  the  incident  light  and  the  emitted  electron  appear  at  the 
same  vacuum  interface  as  shown  in  Figure  26B.  Most  applications 
of  Na2KSb(Cs)  photocathodes  are  transmission  mode,  but  in  these 
studies  reflection  mode  measurements  were  used  because  of  the 
need  to  deposit  and  analyze  the  samples  at  different  locations 
in  the  experimental  chamber. 

Transmission  mode  applications  require  a compromise  between 
absorption  of  the  incident  light  and  the  escape  depth  of  the 
photoelectrons.  If  a photocathode  film  is  too  thin  then  the 
light  will  pass  through  it  without  being  absorbed.  If  the  film 
is  too  thick  then  electrons  excited  near  the  surface  where  the 
light  is  incident  will  lose  too  much  energy  during  diffusion  to 
be  able  to  escape  at  the  vacuum  interface.  Na2KSb(Cs)  photocathode 
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films  of  '100  A thickness  have  proven  to  have  the  highest  quantum 
yield  in  transmission  mode  applications. 

Reflection  mode  applications  require  film  thickness  > the 
escape  depth  of  the  photoelectrons  to  result  iii  maximum^quantum 
yield.  Consider  now  the  effect  of  film  thickness  '250  A on 
reflection  mode  measurements  of  quantum  yield  in  these  studies, 

The  reflectivity  of  tantalum  vs.  wavelength  of  incident  light  is 
shown  in  Figure  27.  Note  that  at  hv  ~ 4.00  eV  the  reflectivity 
of  Ta  is  20-25?..  Thus,  75-80'&  of  the  light  not  absorbed  by  a 
film  <250  A thick  would  be  absorbed  by  the  substrated  and  would 
produce  negligible  photoemission.  Therefore  one  would  expect 
samples  <250  A on  a Ta  substrate  thick  ^o  produce  a lower  quantum 
yield  at  hv  = 4.00  eV  than  films  > 250  A thick. 

Surprisingly  theory  predicts  the  quantum  yield  can  be  greater 
in  transmission  mode  for  Na2KSb(Cs)  films  of  optimum  thickness 
than  for  thicker  films  in  reflection  mode.  Ramberg^^  has  consi- 
dered the  transmitted  and  reflected  light  at  the  various  inter- 
faces of  photocathode  film,  substrate,  vacuum  and  atmosphere  in 
a comparison  of  transmission  mode  and  reflection  mode  applications. 
Due  to  the  interactions  of  the  reflected  and  transmitted  waves 
he  found  the  optical  stimulus  in  a photocathode  film  could  be 
greater  for  optimum  thickness  films  in  transmission  mode  than  for 
thicker  films  in  reflection  mode.  However,  the  differences  expected 
by  Ramberg's  calculations  arc  not  large,  ■ x 5.  Measurements'*^ 
done  both  in  reflection  and  transmission  on  the  same  Na2KSb(Cs) 
films  have  demonstrated  higher  quantum  yield  for  transmission 
mode,  but  the  yield  differences  were  not  large,  and  there  was  no 
difference  in  the  threshold  region.  For  these  reasons  the 
reflection  mode  data  from  these  studies  is  considered  applicable 
to  transmission  mode  films. 


III.  RKSULT.S  AND  DISCU.SSION 

1.  Monitoring  sample  formatiem  via  photocmi ssion 

It  was  originally  intended  that  sample  formation  would  be 
monitored  continuously  by  measurement  of  sample  photoemission  in 
response  to  a white  light  source  durinci  deposition  of  the  constit- 
uents, The  light  source  for  this  monitoring  was  a resistively 
heated  tungsten  filaroec.t  shown  in  Figure  14  and  discussed  in 
Section  II. 3e.  This  method  of  monitoring  was  not  successful, 
although  it  appeared  promising  on  occasions.  After  elimination 
of  several  possible  reasons  for  failure  of  the  continuous  moni- 
toring system  the  actual  cause  of  failure  was  established.  The 
white  light  source  was  hot  enough  to  ionize  alkali  vapors  released 
during  operation  of  the  constituent  sources,  and  it  was  also  hot 
enough  to  release  electrons.  The  ions  and  electrons  made  meaning- 
ful photoemission  measurements  impossible  during  operation  of  the 
sources  regardless  of  the  sample  and/or  photoelectron  collector 
potentials. 

For  these  studies  monitoring  of  the  formation  process  was 
intermittent  and  required  moving  the  "**mples  from  the  deposition 
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chamber  window  to  the  photoemission  measurements  grids.  This 
sample  repositioning  and  subsequent  data  acquisition  required 
1-15  minutes,  and  the  deposition  chamber  heater  had  to  be 
turned  off  during  the  measurements.  Deposition  chamber  warmup 
required  an  additional  5-10  minutes  before  a deposition  could 
be  continued. 

The  ability  to  monitor  the  photoemission  of  the  samples 
during  constituent  depositions  would  be  desirable,  because  such 
monitoring  would  parallel  the  commercial  processing  of  Na2KSb(Cs) 
photocathodes,  and  optimization  of  sample  photoemission  would  be 
greatly  simplified  and  probably  enhanced.  With  major  modification 
of  the  deposition  chamber  and  mounting  flange,  sample  photoemission 
could  possibly  be  monitored  during  depositions  of  constituents 
by  use  of  an  external,  chopped  light  source  and  a synchronized 
detector.  A potential  problem  with  an  external  light  source  would 
be  depositions  on  the  light  entrance  window  (changing  its  trans- 
mission characteristics).  In  addition  the  required  modifications 
of  the  deposition  chamber  might  result  in  alkali  contamination  of 
the  vacuum  chamber  (causing  electrical  leakage  paths) . Following 
deposition  of  the  alkali  constituents  leakage  paths  were  sometimes 
found  between  the  AES  analyzer  grids.  This  effect  occurred  even 
though  the  sample  filled  most  of  the  deposition  chamber  window 
which  was  the  only  hole  in  the  deposition  chamber  walls,  and  the 
AES  grids  were  located  several  centimeters  from  the  deposition 
chamber.  Additional  holes  in  the  deposition  chamber  for  an 
external  light  to  fall  upon  the  sample  during  depositions  could 
result  in  excessive  alkali  contamination  of  the  experimental 
chamber.  An  optical  window  in  the  deposition  chamber  would  pass 
the  needed  light  and  eliminate  the  extra  escape  channel  for 
alkali  vapors,  but  such  a window  would  be  especially  subject  to 
depositions  changing  its  transmission  characteristics.  In  an 
early  model  of  the  deposition  chamber  an  optical  window  in  the 
deposition  chamber  was  quickly  coated  with  alkali  metals.  The 
possibility  of  low  resistance  paths  appearing  as  a result  of 
alkali  depositions  should  be  considered  when  choosing  and  placing 
the  meter  used  to  measure  sample  photocurrent. 

As  explained  in  Section  II. 3c  the  deposition  chamber  was 
constructed  to  eliminate  llne-of-sight  between  the  alkali  channels 
and  the  sample.  Sb  depositions  required  line-of-sight  between 


the  S)  source  and  the  sample,  and  the  Sb  evaporator  could  possibly 
be  a secondary  light  source  leading  to  confusion  in  measurement 
of  sample  photuemission.  In  these  studies  the  Sb  evaporator  was 
an  appreciable  light  source  when  operated  at  maximum  current, 

20  A,  but  no  significant  effect  was  detected  using  15  A current. 
Uste  or  an  cxtornal,  chopped  light  source  and  a synchronized 
detector  would  eliminate  this  potential  problem. 


Substrate  effects 


The  substrate  did  not  appear  to  be  a significant  factor 
in  the  photoemission  from  samples  in  these  studies,  and  AES 
evidence  indicated  little,  if  any  contamination  of  the  samples 
by  species  from  the  substrate.  Before  presentation  of  the 
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evidence  to  support  these  statements  the  notation  used  to  distinguish 
the  various  stages  of  formation  of  the  samples  will  be  introduced. 

All  stages  of  sample  formation  due  to  the  operation  of  a set 
of  alkali  channels  and  a loading  of  the  Sb  evaporator  are  designated 
by  the  same  prefix,  S20(X),  where  X is  the  general  sample  number. 

The  second  segment  of  sample  designation  is  used  to  indicate  the 
constituent  which  had  been  deposited  on  a particular  sample. 

For  example,  S20 (21) -Na  (1)  designates  the  first  sodium  deposit  on 
sample  S20(21).  Only  a review  of  the  notebooks  kept  during 
sample  formation  and  analysis  would  reveal  what  events  preceded 
the  first  sodium  deposit  on  S20(21),  but  where  the  history  of 
a sample  formation  is  pertinent  to  the  discussion  it  will  be 
given  in  the  text.  The  third  segment  of  sample  designation 
refers  to  a particular  data  collecting  session  called  a data  point 
and  will  often  be  omitted.  The  third  segment  is  most  often  used 
to  distinguish  among  sample  conditions  differing  only  in  the 
degree  of  heat  treatment. 

The  first  few  samples  were  deposited  on  glass  substrates 
with  either  gold  or  aluminum  tabs  as  electrical  contacts.  Tantalum 
sheet  was  the  substrate  material  used  for  the  latter,  and  more 
significant  samples.  When  use  of  the  Ta  substrates  was  begun 
they  were  sputter  cleaned  before  sample  deposition.  Due  to  the 
problems  of  sputtering  in  the  experimental  chamber  discussed  in 
Section  II. 2e  the  amount  of  substrate  sputtering  was  later  reduced 
and  finally  eliminated.  The  last  few  samples  were  deposited  on 
Ta  substrates  heavily  contaminated  by  C and  0. 

A comparison  of  spectral  yield  curves  from  samples  deposited 
on  the  various  substrates  is  shown  in  Figure  28.  Curves  A,  B, 

C,  and  D are,  respectively,  the  highest  spectral  yields  from 
samples  deposited  on: 

A)  a glass  substrate  with  Au  contacts, 

B)  a sputter  cleaned  Ta  substrate, 

C)  a partially  cleaned  Ta  substrate,  and 

D)  a contaminated  Ta  substrate. 

Curve  D was  the  highest  spectral  yield  from  any  sample  in  these 
studies.  Most  samples  had  peak  spectral  yield  curves  lying  be- 
tween Curves  A and  B.  As  will  be  discussed  in  the  following  four 
paragraphs,  AES  evidence  accompanying  Curves  A,  B,  C,  and  D indi- 
— — cated  substrate  species  were  not  contaminants  of  the  samples 

deposited. 

Curve  A spectral  yield  data  was  obtained  from  S20(2)-Cs(l) . 

An  AES  spectrum  from  the  substrate  before  deposition  of  S20(2) 
is  shown  in  Figure  29,*  and  an  AES  spectrum  coincident  with 

*N6te  in  Figures  29  and  .10  the  ordinate  axis  is  labelled 
differently,  and  the  incident  electron  energy  is  2000  eV  not  1500 
eV,  when  compared  with  the  bulk  of  the  AES  data  presented  here. 

These  differences  from  the  normal  AES  data  occur  because  samples 
S20(l)  and  S20(2)  were  deposited  in  a borrowed  system  with  a 
cylindrical  electron  energy  analyzer  for  AES  analysis. 
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Curve  A in  Fiquro  30.  The  strong  Au  AF.S  peak  at  7 0 eV  in  Figure 
29  is  absent  in  Figure  30  and  suggests  no  Au  contamination  of  the 
sample.  The  AFS  peaks  at  40  and  60  eV  in  Figure  30  may  indicate 
contamination,  but  they  were  not  identified  with  any  element.  The 
contamination  of  S20(2)-Cs{l)  by  0 and  C could  have  been  the  result 
of  diffusion  from  the  substrate.  However,  both  0 and  C could  have 
been  present  from  other  sources,  and  results  discussed  below  argue 
against  diffusion  of  0 and  C from  the  substrate. 

Curve  B spectral  yield  data  was  obtained  from  S20(9)-Cs(l). 

An  AES  spectrum  from  the  substrate  before  deposition  of  S20(9)  is 
shown  in  Figure  31,  and  an  AES  spectrum  coincident  with  Curve  B 
is  shown  in  Figure  32.  Comparison  of  Figures  31  and  32  shows  no 
AES  evidence  of  Ta  in  the  sample.  Oxygen  and  chlorine  were  present 
in  the  sample  but  were  not  on  the  substrate,  and  this  suggests 
that  both  arrived  by  means  other  than  thorugh  diffusion  from  the 
substrate. 

Curve  C spectral  yield  data  was  obtained  from  S20 (20) -Cs  (1) . 

An  AES  spectrum  from  the  substrate  before  deposition  of  S20(20) 
is  shown  in  Figure  33,  and  an  AES  spectrum  coincident  with  Curve 
C is  shown  in  Figure  34.  Note  in  Figure  34  that  the  AES  analysis 
did  not  include  the  energy  range  100-200  eV  where  the  largest  Ta 
peaks  would  appear.  The  next  sweep,  shown  in  Figure  35,  which 
included  the  100-200  eV  energy  range  was  obtained  after  continued 
Cs(l)  plus  the  Na{2),  Cs(2),  and  K(2)  depositions  on  S20(20). 
Comparing  the  Sb  AES  peak  height  coincident  with  Curve  C and  that 
of  Figure  35  shows  the  latter  to  be  27%  smaller.  This  implies  that 
the  additional  alkali  depositions  could  have  masked  possible  sample 
contamination.  Note  in  Figure  35,  however,  that  there  is  no  AES 
«3vidcnce  of  Ta  contamination  of  the  sample.  Oxygen,  a prominent 
contaminant  of  the  substrate,  did  not  appear  in  the  AES  evidence 
from  the  sample,  and  this  suggests  no  diffusion  of  oxygen  from  the 
substrate. 

As  a final  example.  Curve  D spectral  yield  data  was  obtained 
from  S20(24)-  K(2).  An  AES  spectrum  from  the  substrate  before 
deposition  of  S20(24)  is  shown  in  Figure  36,  and  an  AES  spectrum 
coincident  with  Curve  D is  shown  in  Figure  37.  As  in  the  previous 
example,  there  was  a time  interval  between  Curve  D data  gathering 
and  a complete  AES  search  (Figure  38)  for  possible  contamination. 
During  this  interval  only  sample  heating  was  done.  Comparison 
of  the  Sb  AES  peak  height  in  Figure  37  (before  heating)  with  that 
of  Figure  38  (after  heating)  shows  a 61%  increase  and  suggests 
no  masking  of  possible  contamination  by  alkali  metals.  It  is 
doubtful  that  the  Sb  AES  peak  height  increase  was  due  to  a flood 
of  Sb  to  the  surface  (masking  evidence  of  contamination).  The 
heating  between  collection <>f  AES  spectra  for  Figures  37  and  38 
was  IVS'C  for  10  hours  and  30  minutes.  Note  in  Figure  38  there 

is  no  evidence  of  contamination. 

Consideration  of  the  spectral  yield  and  AES  evidence  presented 
alx>ve  leads  to  the  conclusions  that  neither  substrate  constituents 
nor  contaminants  were  present  near  the  surface  of  the  samples  and 
that  the  substrate  was  not  a significant  factor  in  the  photo- 
emission results  achieved. 
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Sb  depositions 


Sb  depositions  for  sample  formation  involved  only  minor 
technical  problems  and  were  consistently  free  of  contamination. 

The  greatest  technical  difficulty  encountered  was  a lack  of 
adequate  Sb  in  some  early  samples.  The  Sb  evaporator  packing 
procedure  described  in  Section  II. 3b  eliminated  this  problem. 
Neither  the  Sb  evaporator  current  nor  the  alkali  channel  degassing 
schedule  appeared  to  affect  the  Sb  depositions. 

Current  passed  through  the  Sb  evaporator  ranged  from  15 
amperes,  the  threshold  for  Sb  deposition,  to  a maximum  of  20 
amperes.  If  contamination  was  present  in  the  Sb  depositions  it 
is  probable  that  evidence  of  same  would  have  been  most  prominent 
at  either  of  the  extremes  of  evaporator  operation.  An  AES  spectrum 
from  S20  (24)-Sb(l) , deposited  using  15  amperes,  is  shown  in  Figure 
39.  Note  in  Figure  39  that  only  AES  peaks  for  Sb  appear.  An 
AES  spectrum  from  S20 (20) -Sb (1 ) , deposited  using  20  amperes,  is 
shown  in  Figure  40.  Again  there  is  no  evidence  of  contamination. 

Listed  in  Table  F are  the  different  degassing  schedules  used 
before  the  Sb(l)  depositions  of  three  samples. 

Table  F 

Sb  evaporator  degassing  schedules 

Sample  Sb  evaporator  current  Time 

{minutes,  seconds) 


S20(5) 

7.5  amperes 

(2:00) 

10.0  amperes 

(178:00) 

S20(20) 

10.0  amperes 

(1:00) 

12.0  amperes 

(1:00) 

S20(24) 

10.0  amperes 

(1:00) 

15.0  amperes 

(0:30) 

For  S20(2Q)  the  degassing  currents  used  were  below  the  threshold 
for  Sb  evaporation.  For  S20(24)  the  degassing  current  for  the 
last  30  seconds  was  at  the  Sb  deposition  threshold.  For  S20(5) 
the  degassing  currents  used  were  below  the  threshold  for  Sb 
evaporation  but  were  maintained  for  three  hours  instead  of  the 
2 minutes  or  less  used  for  S20(20)  and  S20(24).  An  AES  spectruni 
from  S20{5)‘-Sb(l)  is  shown  in  Figure  41.  Note  the  Auger  spectra 
from  S20(20),  S20(24),  and  S20(5)  (Figures  39,  40  and  41)  are 
quite  si.milar.  The  Sb  evaporator  degassing  schedule  evolved  during 
the  course  of  these  studies  from  long  and  complex  to  short  and 
simple.  This  simplification  took  place  because  the  Sb(l)  deposi- 
tion from  a succession  of  samples  with  simpler  degassing  schedules 
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produced  the  same  AKS  evidence  showimi  no  contamination.  No 
depositions  wore  tried  without  doqassirnj  of  the  Sb  evaporator. 

The  peak  pressures  durinq  sb  evaporator  deqassinq  were 
1-3  X 10~°  Torr,  and  pressures  durinq  Sb  depositions  v/ere  only 
sliqhtly  higher.  For  degassing  currents  below  the  threshold  for 
Sb  evaporation  the  pressure  peak  was  transient,  v/hile  durinq  Sb 
depositions  the  pressure  was  sustained. 

Most  samples  were  formed  witti  only  one  Sb  deposition.  Sb 
depositions  after  the  first  generally  caused  reductions  in  the 
spectral  yield. 

As  noted  in  Section  il  3b,  Fe , Ar,  Cu,  and  Pb  were  listed 
as  very  low  concentration  contaminants  of  the  Sb  used.  There  was 
no  AES  evidence  in  these  studits  suggesting  contamination  of  the 
Sb  depositions,  or  any  other  sample  stage,  by  Fe,  Ar , Cu,  or  Pb. 

4.  Alkali  depositions 

Alkali  depositions  were  troublesome  for  several  reasons: 

1)  The  alkali  channels  did  not  function  consistently. 

2)  The  success  of  an  alkali  deposition  was  dependent  upon 
many  factors. 

3}  The  output  of  an  alkali  channel  was  contaminated  with 
other  alkali  species. 

These  topics  will  be  discussed  more  thoroughly  below.  In  these 
studies  the  channel  current  required  to  obtain  a given  alkali 
deposition  was  found  to  vary,  and  the  currents  used  were  often 
greater  than  those  anticipated  by  information  from  SAES  Getters, 
Inc.  One  example  of  this  was  the  contrast  between  the  Csd) 
depositions  of  two  samples.  In  both  cases  the  same  channel  de- 
gassing time  and  current  procedure,  deposition  chamber  heater 
current,  and  substrate  temperature  were  used.  For  S20 (20) -Cs (1) 
AES  evidence  of  Cs  deposition  on  the  sample  was  found  after  only 
20  seconds  of  operation  at  5 amperes.  For  S20 (25) -Cs (1 ) AES 
evidence  of  Cs  deposition  on  the  sample  vas  not  found  until  after 
operation  at  5 amperes  for  45  seconds,  plus  6 amperes  for  60 
seconds,  plus  7.5  amperes  for  60  seconds.  Once  deposition  had 
been  achieved  from  a particular  channel,  later  operation  of  that 
channel  Indicated  alkali  vauors  were  sometimes  released  at  cur- 
rents below  those  expected. 

Another  example  of  inconsistent  channel  functioning  was  the 
appearance  of  shiny,  metallic,  almost  liquid  appearing  puddles 
uti  the  surface  of  four  samples  as  a result  of  alkali  deposition 
attempts.  It  is  believed  that  these  puddles  were  the  result  of 
excess  alkali  depositions.  The  spectral  yield  of  the  sampler 
dropped  10  when  the  puddles  appeared.  This  reduction  in 
photoemission  could  be  explained  by  comparison  of  the  spectral 
yield  curves  of  Na  and  K with  those  of  KjSb  and  Na2KSb  as  sho%m 
in  Figure  42.  Note  that  the  spectral  yield  curves  for  Na  and  K 
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art-  bel<jw  the  spectral  yield  curves  ot  K3SL  and  Na2KSb  by  at  least 
<1  factor  10.  The  reduction  in  spectral  yitrld  due  to  the  Cs(l) 
deposition  on  S20(12)  is  shown  in  F‘i<jure  4 3.  Curve  S20(12)-K(3) 
was  the  response  before  the  deposition.  The  reduction  in  spectral 
yield  due  to  the  Na(l)  deposition  on  .S20(2l)  is  ;hown  in  Figure  44. 
Curve  H20(21)-K(l)  was  the  sample  response  before,  and  Curve 
S20 ( 21 ) -Na ( 1 ) -5  after,  the  deposition.  Spectral  yield  data  appro- 
priate to  this  discussion  was  not  available  from  S20(7)-Na(l)  and 
S20 { 8 ) -Cs ( 1 1 . When  the  puddles  appeared  on  sample  S20 (7 ) -Na (1) , 

S20 ( 8 ) -Cs ( 1 ) , and  S20 ( 12 ) -Cs ( 1 ) only  peaks  for  Na , K,  and  Cs 
were  found  in  the  AES  spectra.  The  Sb  AES  peak  had  been  present 
before  the  puddle  producing  deposition.  Sample  S20 ( 12 ) -Cs { 1 ) was 
left  for  21  hours  at  room  temperature.  This  resulted  in  disap- 
pearance of  the  puddles,  increased  sample  spectral  yield,  and  a 
return  of  the  Sb  peak  in  the  AES  spectra-  For  S20(21)  the  Sb 
AES  peak  was  not  eliminated  from  the  spectra  by  a puddle  producing 
Nad)  deposition,  but  it  was  much  reduced.  Both  the  AES  and 
spectral  yield  evidence  discussed  above  supports  the  inter- 
pretation that  the  appearance  of  puddles  on  the  sample  surface  was 
the  result  of  excessive  alkali  deposition.  These  excessive  deposi- 
tions were  probably  due  to  a large  variation  in  the  rate  of 
reaction  in  the  channels.  Identical  or  almost  identical  degassing 
and  operation  of  the  channels  in  some  cases  produced  puddles,  and 
in  other  cases  did  not. 

Besides  proper  functioning  of  the  channels  the  success  of 
alkali  depositions  depended  upon  such  factors  as  operation  of  the 
deposition  chamber  heater,  the  substrate  temperature,  and  the  con- 
dition of  the  sample  prior  to  deposition.  As  discussed  in  Section 
II. 3c  the  deposition  chamber  heater  was  necessary  to  effectively 
move  Na  and  K from  the  channel  space  in  the  deposition  chamber  to 
the  samples.  Early  in  this  study  the  deposition  chamber  heater 
current  and  the  chamber  warmup  period  were  fixed.  Operation  of 
the  deposition  chamber  heater  was  not  considered  a factor  in 
varying  alkali  deposition  success  thereafter.  Substrate  tempera- 
tures greater  than  room  temperature  could  affect  the  success  of 
an  alkali  deposition  because  heating  reduced  the  alkali  population 
of  the  samples  (See  Section  III. 7).  Sample  conditions  could 
affect  the  success  of  alkali  depositions  because  of  the  ability  or 
inability  of  one  alkali  to  displace  another  (See  Section  III. 8) . 

Another  problem  with  alkali  depositions  was  the  presence  of 
more  than  one  alkali  in  the  output  of  a single  channel.  Some 
examples  of  this  cross-contamination  are  presented  below. 

Sample  formation  normally  began  with  the  Sb(l)  and  k(l) 
depositions;  K3Sb  was  the  anticipated  result.  Consistently  the 
spectral  yield  at  this  stage  of  sample  formation  had  a significantly 
lower  threshold  than  the  spectral  yield  reaults!^  for  Kjsb  repotted 
by  Spiceri^  and  Jeanes.  20  An  example  of  such  ^ailoWier  threshold 
is  shown  in  Figure  45.  AES  results  from  the  k(i)  stage  cortsistently 
showed  the  presence  of  Cs  in  addition  to  K and  Sbi  A test  for 
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contaminat:  Ion  of  K channel  vnitput  was  done  a irinq  the  formation 
of  S20(21).  The  sample  at  the  Sb(l)  staeje  was  i^ositionod  in  the 
deposition  chamber  window  for  2o  minutes  with  the?  chamber  heater 
opera!  inq,  but  subsec|uent  AKS  analysis  detected  no  rieposition  of 
any  alkali  oti  the  sample.  After  operation  of  the  K channel  for 
two  minutes  AKS  evidence  of  both  K and  C’s  was  found.  No  evidence 
that  Na  contaminated  the  output  of  the  K channels  was  found.  In 
the  formation  of  S20(25),  Cs  was  deposited  on  the  Sb{l)  staqe, 
prior  to  any  K or  Na  depositions.  APS  spectra  from  S20  (25) -Cs  ( 1 ) 
showed  peaks  for  Cs,  K and  Na.  This  verified  Na  and  K contamina- 
tion of  the  Cs  channel  output.  There  was  occasional  indication 
that  a Na  channel  output  was  contaminated  by  K and/or  Cs  but 
this  was  not  verified. 


Besides  the  tests  for  ctoss-contaminat ion , other  tests  were 
done  for  possible  sample  contami nat ion  due  to  alkali  depositions. 
The  residual  qas  analyzer  was  used  to  monitor  the  output  of  the 
alkali  channcLs.  Mass  spectra  obtained  before  and  durinq  opera- 
tion of  a K ch.innel  are  shown  in  Fiqure  46.  Note  that  the  overall 
e.xper imental  chamber  pressure  was  I x 10”*^  Torr  ludore  operation 
of  the  K channel.  The  k output  of  the  channel  was  very  iarqo 
relative  to  the  h.acka round  pressure , and  only  CO  was  detocted  as 
a aiqnif  leant  contami nart,  A check  of  Na  channel  out  !>ut  j»roducod 
similar  evidence.  it  was  not  possible  to  hv»ve  the  Cs  ticak  (at 
IJl  a.m.u.)  and  the  normal  contaminant  |>eaks  (at  I - 50  a.m.u.i 
apfiear  in  the  same  mass  sweep  so  no  comparable  data  was  obtained 
durinq  operation  of  a Cs  channel.  For  the  residual  qas  analyjser 
tests  the  Na  atul  K channels  were  ojHoated  at  7. 5 amperes  which 
was  the  current  normally  used  for  sam{>le  formations.  Information 
from  (’.etters,  Inc.  eoncerninq  the  qaseous  jn’otlucts  released 

durinq  operation  of  the  alkali  channels  i.s  shown  in  Fiqurc  47. 

Note  that  at  7.5  amperes  l*2»  and  CO  are  shown  as  the  principal 
contamina  vS  of  channel  output.  Due  to  an  idiosyncrasy  of  the 
residual  qas  analyzer,  includinq  the  THnik  in  the  spectra  created 
zeroinq  problems,  and  the  j>eak  was  not  included  for  that 
reason.  In  addition  the  presence  of  H cannot  be  detected  via  AES 
analysis,  and  no  conjecture  Is  made  as  to  what  role  H2  miqht  play, 
if  any.  In  the  form.it ion  of  a few  Na^K.SbiCs)  photocathodes. 

hossible  evidence  of  CO  contamination  «>t  the  s.ample.s  was 
tested.  A peak  for  O was  occasionally  found  in  the  AES  spectra. 
When  th«i  O peak  was  present  iesweve**,  its  appearance  did  not 
correlate  with  the  une  of  a channel,  nor  did  its  size  rorielate 
with  the  time  or  intensity  of  channel  operation.  A peak  for  C 
appeared  in  the  AES  spectra  only  durinq  formation  of  early 
samples.  Others^^  in  this  laboratory  have  investiqated  CO 
deposition  on  sample  surfaces.  Under  electron  boml^rdment  the 
CO  dissociated;  oxyqen  loft,  and  carbon  remained  on  the  surfaces. 
Prom  this  information  one  would  expect  a peak  for  C to  be  present 
In  the  AES  spectra  if  C0  was  present.  The  absence  of  the  C AES 
peak  Is  interpreted  to  mean  that  CO  did  not  contaminate  the 
samples. 
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Miscellaneous  information  concerninq  alkali  depositions  is 
include:!  below.  Peaks  for  Zr  and  A]  (the  reducing  agents  in  the 
alkali  chantiels)  were  sought  in  the  AES  spectra  but  not  found.  The 
channel  degassing  procedure  used  is  listed  in  Section  II. 3d,  Table 

B.  Many  different  degassing  procedures  were  recommended,  and  more 
complex  and  longer  lasting  procedures  were  used  early  in  these 
studies.  However,  no  evidence  was  produced  to  show  that  one  de- 
gassing procedure  was  better  than  another  so  a simple  procedure 
evolved.  The  vacuum  chamber  pressure  during  alkali  depositions 
varied  from  1 x 10^  to  1 x 10'  Torr. 

5.  Sample  uniformity 

Sample  non-uniformity  and  the  apparent  sample  changes  due  to 
AES  analysis  (discussed  in  Section  I|1.6)  were  the  reasons  for 
instituting  the  sample  positioning  system  described  in  Section  II. 2b. 
Although  a significant  fraction  of  a typical  sample  demonstrated 
relatively  uniform  photoemission,  the  non-uniformities  that  existed 
limited  the  amount  of  AES  analysis  that  could  be  done  in  the  early 
part  of  these  studies. 

An  example  of  typical  uniformity  of  sample  photoemission  is 
shown  in  Figure  48.  The  x's  in  the  figure  indicate  the  location 
of  the  center  of  the  light  beam  used  to  make  photoemission  measure- 
ments. There  was  some  overlap  between  the  positions  as  shown  by 
the  dotted  circle.  The  numbers  above  each  "x"  indicate  the  yield 
at  that  point  relative  to  the  maximum  yield  obtained  for  this  sam- 
ple at  the  photon  energy  employed  (3.50  eV) . Emission  near  the 
bottom  edge  of  the  sample  was  weak  because  of  inadequate  Sb 
deposition. 

Commercially  produced  photocatliodes  are  rated  by  their 
response  (in  microamperes/ lumen ) to  a tungsten  lamp  f'f  2870“K 
coloi  temperature.  The  photon  flux  from  such  a W lam;  changes 
by  a factor  greater  than  100  over  the  energy  range  1.30  - 3.50  eV. 
The  photocathode  rating  method  is  an  integration  over  photon 
energy,  of  the  product  of  the  W lamp  output  curve  times  a spectral 
yield  curve.  Because  of  the  variation  of  the  W lamp  output  in 
the  threshold  region  of  the  photoeinission  from  Nu2KSb(Cs),  small 
difference  in  spectral  yield  curves  cun  result  in  large  differences 
in  uA/lumen  ratings.  Thus  even  the  variations  found  within  the 
indicated  contours  of  Figure  48  could  be  significant.  For  example 
consider  the  tour  spectral  yield  curves  shown  in  Figure  2d.  A 
listing  of  their  pA/lumen  response  and  commercial  rating  is  shown 
in  Table  G. 

Note  in  Figure  28  that  at  photon  energy  » 3.50  cV,  Curves  A, 

C,  and  D are  approximately  equal,  and  recall  that  all  data  for 
Figure  48  was  collected  at  this  same  photon  energy. 

The  normal  procedure  used  to  test  sample  uniformity  was  to 
take  quantum  yield  measurements  over  the  sample  (as  in  Figure  48) 
using  either  3.50  or  4.00  photon  energy.  Areas  were  considered 
equivalent  only  if  their  quantum  yield  values  were  within  10%. 

Other  procedures  used  to  monitor  sample  uniformity  (use  of  photon 
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Table  G 

Curve 

(fron  Fig.  29) 

u A/ lumen 

Commercial  rating 

A 

30 

Poor 

B 

<1 

Ridiculous 

C 

85 

Good 

D 

130 

Very  good 

energies  <3.50  eV,  collection  of  complete  or  partial  spectral 
yield  curves)  did  not  improve  identification  of  equivalent  areas, 
and  took  considerably  more  time. 

The  incident  electron  beam  used  for  AES  analysis  covered  an 
area  approximately  equal  to  that  shown  for  the  light  beam  in 
Figure  48.  As  will  be  discussed  in  Section  111.6,  it  appeared 
that  AES  analysis  resulted  in  sample  changes,  and  any  area  used 
for  AES  analysis  had  to  be  written  off  for  future  sample  formation. 
Correlation  of  AES  spectra  and  spectral  yeild  results  was  valid 
only  if  the  locations  measured  were  equivalent  {or  the  same  loca- 
tion). Sample  non-uniformity  reduced  the  area  where  spectral 
yield  data  and  AES  spectra  could  be  correlated.  As  a result  the 
use  of  AES  analysis  was  restricted  in  the  early  part  of  these 
studies. 

For  the  discussion  immediately  following,  and  much  of  the 
discussion  in  Sectons  1II.7  and  III. 8,  use  is  made  of  a summation 
format  for  presentation  of  the  AES  results.  These  summation 
figures  are  explained  below.  Figures  49,  50,  and  52  will  serve 
as  examples  for  the  text. 

U At  the  end  of  each  curve  is  the  chemical  symbol  of  the 
element  represented^  *the  electron  energy  of  the  AES  peak 
used  to  monitor  the  population  of  that  specie^  and  the 
relative  sensitivity  of  the  AES  analyser,  {X20  means 
the  analyser  was  20  times  more  sensitive  for  measurement 
of  that  particular  peak  than  for  another  labelled  xl). 

The  same  base  sensitivity  is  common  to  all  AES  results 
in  this  report. 

2)  Depositions  and  the  time  of  sample  heating  periods  are 
listed  in  some  figures  at  convenient  locations  among  the 
curves  and  parallel  to  the  peak  height  axis,  the  time 
of  sample  heating  is  given  in  parentheses  in  ^urs  and 
minutes.  fExamplei  2 hours  and  45  minutes  - (2t45)|. 

For  other  •tnanation  results  the  depositions,  heating 
temperatures,  and  heating  periods  ate  listed  in  tarble 
form  in  a separate  figure* 

3)  Data  points,  shown  along  the  horisotital  axis,  represent 
date  collecting  eeesiOns.  Spectre!  yield  end  AES  reeults 
collected  et  the  seme  seeslon  are  given  the  same  data 
point  number. 
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4)  The  temperatures  of  sample  heating  periods  are  given  at 
convenient  locations  among  the  curves  and  parallel  to 
the  data  point  axis. 

5)  At  a convenient  point  on  each  curve  the  error  limits  of 
the  AES  analyzer  for  that  particular  peak  are  shown. 

Heating  the  sample  generally  resulted  in  more  uniform  samples, 
but,  in  addition,  heating  usually  reduced  the  spectral  yield.  For 
two  sample  stages,  S20 (25) -Cs (1)  and  K(l),  AES  spectra  and 
Spectral  yield  data  were  obtained  from  two  sample  locations.  These 
locations  were  separated  by  a distance  such  that  there  was  no  over- 
lap in  the  areas  used  to  make  measurements.  The  AES  results  in 
Figures  49,  50  and  52  show  uniformity  with  heating,  but  the  locations 
were  very  equivalent  at  the  start.  The  spectral  yield  results 
shown  in  Figures  51  and  53  were  also  similar.  Note  that  heating 
reduced  the  spectral  yield  but  improved  the  areal  uniformity. 

Heating  the  substrate  during  deposition  of  the  constituents, 
as  was  done  for  S20 (24) -K(2) , resulted  in  even  better  uniformity. 

In  Figure  54  are  shown  spectral  yield  results  from  five  different 
locations  on  S20(24)-K(2)  at  approximately  the  time  of  its 
highest  sensitivity.  In  Figure  55  is  shown  a summation  of  the  AES 
results  from  the  same  five  locations.  A map  of  the  data  acquisi- 
tion sites  is  included  in  Figure  55, 

The  problems  associated  with  sample  non-uniformity  were  removed 
when  the  effect  of  AES  analysis  on  the  samples  was  understood  and 
eliminated  as  explained  in  Section  I I I. 6.  Subsequent  spectral 
yield  data  and  AES  spectra  were  collected  at  the  same  location  on 
the  samples. 

6.  Effect  of  AES  analysis  on  samples 

Evidence  from  some  early  samples  indicated  AES  analysis  could 
result  in  changes  in  AES  spectra  and  reduction  of  spectral  yield. 
However,  evidence  supporting  the  idea  of  such  changes  was  not 
consistent.  .Several  examples  of  changes  in  AES  spectra  as  a 
result  of  electron  bombardment  are  presented  below. 

Figure  56A  shows  AES  peaks  for  sulfur  and  chlorine,  contami- 
nants of  S20(2).  The  chlorine  AES  peak  was  reduced  as  a result 
of  several  minutes  of  electron  bombardment  from  the  size  shown  in 
Curve  Al  to  that  shown  in  Curve  A2. 


Figure  S6B  shows  the  complete  disappearance  of  the  K AES  peak 
of  $20(5)  due  to  several  minutes  of  exposure  to  the  incident  elec- 
tron beam.  Curve  B1  was. obtained  at  the  start  of,  and  Curve  B2 
after*  the  electron  bombardment.  Carbon  was  a contaminant  of  S20(5), 
and  its  peak  masked  the  K peak  to  some  extent. 

Figure  57A  shows  an  increase  in  the  K AES  poak  of  S20(19)-Cs(l) 
due  to  a few  minutes  uf  electron  bombardment.  Curve  Cl  was  obtained 
from  the  first  sweep  of  the  AES  analyser*  Curve  C2  from  a second 
s%feep  a few  minutes  later*  and  Curve  C3  from  a third.  Note  K peak 
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increased  from  Cl  to  C2,  but  no  change  occurred  between  C2  and  C3. 
Curves  Cl  and  C2  are  shown  displaced  with  respect  to  the  electron 
energy  axis  and  are  indicated  by  dashed  lines  for  that  reason. 

The  change"  in  Ah6  peaks  discussed  above  imply  changes  occurred 
in  the  populations  of  species  in  the  surface  region  of  the  samples. 
Electron  bombardment  could  cause  dissociation  and/or  heating, 
resulting  in  evaporation  of  one  or  more  species  from  the  surface. 

A decrease  in  the  height  of  a given  AES  peak  could  be  the  result 
of  evaporation  from,  or  diffusion  into,  the  sample  by  the 
particular  specie.  A decrease  could  also  results  from  diffusion 
of  another  specie  from  the  bulk  to  the  surface.  The  reversal  of 
any  of  these  processes  could  result  in  an  increase  in  the  size  of 
an  AES  peak. 

Other  results  indicated  that  the  populations  of  the  sample 
species  were  stable  under  electron  bombardment.  Figure  57B  shows 
the  stability  of  the  K AES  peak  of  S20 (19) -Na (2)  under  electron 
bombardment.  Curve  Dl  was  obtained  at  the  beginning,  and  Curve 
D2  after  several  minutes,  of  AES  analysis.  Curve  Dl  is  shown  dis- 
placed with  respect  to  the  electron  energy  axis,  and  is  indicated 
by  a dashed  line  for  that  reason.  Note  the  last  two  examples,  one 
of  change,  and  the  other  of  stability,  were  taken  from  different 
stages  of  formation  of  the  same  sample. 

Typical  changes  in  the  spectral  yield  of  a sample  due  to 
electron  bombardment  were  10  - 30%;  an  example  is  shown  in  Figure 
58.  When  spectral  yield  changes  did  occur  they  were  almost  always 
in  the  direction  of  reducec  photoemission  from  the  samples.  In 
contrast.  Figure  59  shows  tae  stability  of  the  spectral  yield  of 
a sample  under  electron  bomlardment.  Note  that  the  example  of 
spectral  yield  change  and  stability  were  from  the  same  sample,  but 
at  different  stages  of  foimation. 

Information  from  other  sources  was  also  inconsistent.  Con- 
current with  these  studies  was  a study  in  this  laboratory  of  single 
crystals  of  Naasb,  K3Sb,  CS3Sb,  RbjSb,  and  Na2KSb  by  Dr.  M.  R. 
Jeanos.20  Data  from  the  study  of  single  crystal  materials  gave 
evidence  that  electron  bombardment  was  damaging  to  the  spectral 
yield  of  all  the  materials  tested.  An  example  of  such  spectral 
yeild  changes  is  shown  in  Figure  60.  Note  the  spectral  yield  of 
single  crystal  Na3Sb  was  reduced  by  about  a factor  10  as  a result 
of  AES  analysis.  No  change  in  AES  spectra  from  the  single  crystal 
Na3Sb  accompanied  the  npectral  yield  change,  however,  AES  studies 
of  alkali  metal  overlayers  deposited  on  Si  and  Ge  single  crystals 
in  this  laboratory^^  had  not  indicated  any  changes,  to  either  the 
substrates  or  the  alkali  over  layers /occurred  during  AES  analysis. 

For  at  least  one  early  sample  deposited  on  a glass  substrate 
there  was  visual  evidence  of  sample  changes  due  to  electron  bombard- 
ment. Following  AES  analysis  of  S20(5)  (276001),  a spot  the  siss 
of  the  incident  electron  beam,  and  in  the  location  of  the  beam, 
was  noted  on  s previously  uniform  sample. 
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In  an  attempt  to  circumvent  the  problem  of  apparent  sample 
changes  due  to  electron  bombardment  the  following  procedures  were 
initiated : 

(1)  The  sample  positioning  system  described  in  Section  II. 2b 
was  devised. 

(2)  Collection  of  AES  spectra  was  minimized  and  done  only  at 
a few  stages  of  sample  formation. 

(3)  Photoemission  data  was  collected  at  several  sample  loca- 
tions. AES  data  was  collected  at  a location  equiva- 
lent in  yield  but  removed  from  other  locations  needed  for 
subsequent  sample  formation  and  analysis.  (Acquisition 
of  yield  data  had  no  measureable  effect  on  the  samples.) 

(4)  When  AES  spectra  were  collected  the  time  of  sample 
exposure  to  the  incident  electron  beam  was  minimized. 
Sweeps  of  the  AES  analyzer  were  made  only  through  re- 
stricted electron  energy  ranges  where  AES  peaks  were 
expected  or  suspected,  and  the  sweep  speed  and  direction 
were  kept  carefully  uniform  from  one  data  run  to  the  next. 
Sweep  speeds  were  maximized,  with  some  compromise  of  AES 
analyzer  resolution  as  a result. 

As  stated  and  shown  above  there  was  a inconsistency  in  the 
evidence  supporting  the  idea  that  AES  analysis  results  in  sample 
changes.  Some  samples  appeared  to  have  stable  spectral  yield  and 
AES  results  under  electron  bombardment,  but  most  of  the  early 
evidence  implied  sample  changes  were  occurring.  It  should  be 
noted  that  changes  in  the  AES  peaks  or  spectral  yield  of  a sample 
due  to  electron  bombardment  occurred  in  unison.  There  was  no 
example  of  a change  in  one  without  a change  in  the  other.  However, 
the  changes  in  AES  spectra  and  spectral  yield  data  were  not  always 
proportional . 

Investigation  of  the  inconsistency  in  the  data  finally  led 
to  the  conclusion  that  electron  bombardment  caused  heating  of  the 
samples,  and  this  heating  did  or  did  not  cause  the  aforementioned 
changes  depending  upon  sample  conditions.  Direct  proof  of  the 
heating  effect  came  from  substrate  thermocouple  readings  taken 
before,  during,  and  after  electron  bombardment.  The  electron 
beam  was  positioned  at  several  points  on  the  substrate  and  readings 
were  taken  for  each  beam  position.  The  resuls  are  shown  in  Figure 
61  and  can  be  summarized  as  a IS  - 16**C  substrate  temperature 
rise  when  the  beam  was  positioned  on  the  upper  half  (where  the 
thermocouple  was  located),  and  a 14**C  rise  when  the  beam  was 
positioned  on  the  lower  half. 

The  sample  with  the  highest  spectral  yield  in  these  studies, 
S20(24)*-K(2) , was  not  affected  by  electron  bombardment.  The 
stability  of  its  spectral  yield  and  AES  peaks  are  illustrated  in 
Figures  62  and  37.  Note  that  (Figure  62)  the  spectral  yield 
curves  before  and  after  IS  minutes  of  electron  bombardment  are 
almost  identical.  In  Figure  37  Curves  Csl  and  K1  show  AES  peaks 
for  Cs  and  K from  the  first  sweep  of  the  AES  analyser.  Cs2  and 
K2  show  the  same  peaks  after  12  minutes  of  electron  bcMubardment. 
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Comparison  of  Curves  Csl  and  Cs2  or  K1  and  K2  shows  no  change. 

From  earlier  samples  it  has  been  found  that  the  Sb  and  Na  AES 
peaks  were  not  particularly  sensitive  to  electron  bombardment  so 
these  peaks  were  not  checked  a second  time.  It  should  be  noted 
that  the  substrate  was  heated  during  the  deposition  of  this  sample. 
Heating  during  or  following  depositions  was  always  found  to  elimi- 
nate subsequent  changes  due  to  electron  bombardment.  Many  stages 
of  S20(24)  and  other  samples  also  displayed  the  stability  illustrated 
in  the  examples  above. 

7.  AES  results  and  bulk  conditions 

a.  Information  contained  in  AES  results  concerning 
bulk  conditions 

Although  AES  analysis  was  sensitive  to  only  the  first  few 
atomic  layers  of  a sample  (as  explained  in  Section  II. 5c),  the 
AES  results  from  the  alkali  antimonide  samples  in  these  studies 
were  sometimes  indicative  of  conditions  in  the  bulk.  Part  of  the 
evidence  relating  the  AES  results  with  bulk  conditions  was  derived 
from  AES  peak  changes  as  a function  of  heating  S20 (24) -K (2) . 

Figure  55  shows  that  the  surface  region  of  this  sample  was  quite 
uniform  before  heating.  On  the  other  hand,  Figures  63  and  64 
show  that  heating  caused  large  changes  in  the  K and  Cs  populations 
at  the  particular  location  sampled.  The  population  changes  due 
heating  were  much  larger  than  any  population  differences  found 
among  the  five  locations  checked  before  heating.  Note  also  in 
Figure  64  that  the  K AES  peak  goes  through  two  maxima,  and  the 
Cs  AES  peak  through  two  minima,  due  to  the  heating.  These 
phenomena  would  bo  difficult  to  explain  by  surface  diffusion. 

However,  they  could  be  explained  by  diffusion  of  waves  of 
alkali  metals  from  layers  within  the  bulk.  Of  interest  in  this 
connection  is  the  deposition  schedule  for  S20 (24) -K(2) . This 
schedule  was  Sb(l),  K(l),  Sb{2)  , Nad),  Sb(3),  and  the  K{2). 

Both  the  K(l)  and  K(2)  depositions  were  contaminated  with  Ca 
from  the  K channel.  A schematic  representation  of  the  deposition 
schedule  is  shown  in  Figure  65A.  It  will  now  be  argued  that  the 
depositions  probably  resulted  In  the  layered  structure  shown  in 
Figure  65B.  For  most  of  the  samples  in  those  studies  the  Sb(l) 
and  K(l)  depositions  were  made  with  the  substrate  at  room  tempera- 
ture. As  a result  of  the  K(l)  depositions  the  photoemission  of 
the  sample  changed  to  a level  indicative  of  K3.sb,  and  much  greater 
than  would  be  expected  from  K alone.  This  is  taken  as  evidence 
that  K was  reacting  with  Sb  at  room  temperature  to  form  KjSb. 

This  reaction  occurred  within  the  time  (usually  less  than  one 
minute)  necessary  to  move  the  samples  from  the  deposition  position 
to  the  photomeasurements  position.  From  a study  of  Na3Sb,  Fisher^^ 
reported  that  the  reaction  of  Na  and  Sb  was  complete  at  room 
temperature.  Thus  there  is  evidence  that  some  alkali-antimony 
reactions  occur*  and  may  be  complete « at  room  temperature.  Prom 

• CommerclaV  pr<^ucors  of  alkali  antimonide  photocathodes  are 
often  insistent  that  heating  is  necessary  for  alkali  antimony 
reactions  because,  in  commercial  production,  the  alkali  metals  are 
only  introduced  at  elevated  temperatures.  In  addition  the 
elevated  temperatures  are  thought  to  be  necessary  to  speed  reactions 
and  to  prevent  excess  alkali  metals  from  shorting  electrodes  in 
the  tube  assembly. 
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this  evidence  it  is  argued  that  S20(24)-k(2)  was  a layered  structure 
as  shown  in  Figure  65B.  At  Data  Point  1 of  Figure  63,  however,  Na 
was  present,  and  this  indicates  some  mixing  of  t’ e layers.  Cesium 
is  shown  as  free  Cs  in  Figure  65  because  it  is  not  known  whether 
it  was  combined  with  Sb.  Note  in  Figure  65B  that  there  were  two 
layers  containing  K and  Cs,  and  diffusion  from  : hese  layerr.  could 
account  for  the  double  extrema  in  Figure  63. 

Alkali  metal  diffusing  from  the  bulk  to  the  sample  surface 
would  evaporate  readily  at  the  elevated  teinperatures  applied  to 
S20 (24 ) -K (2) , and  the  entire  vacuum  chamber  would  be  a sink  for 
the  evaporated  material.  The  mass  spectrometer  shown  in  Figure 
10  was  employed  to  test  for  alkali  species  leavinti  due  to  heating, 
but  no  evidence  of  same  was  found.  It  is  probable  that  the  con- 
centration of  alkali  atoms  leaving  the  sample  was  below  the 
sensitivity  threshold  of  the  mass  spectrometer. 

The  important  conclusion  from  this  discussion  is  that  the 
changes  in  the  AES  peaks  of  the  consti',  uents  shown  in  Figure  63 
can  be  explained  by  diffusion  of  alkali  from  the  bulk.  This 
suggests  that  the  alkali/antimony  ratio  in  the  bulk  was  reduced 
by  sample  heating. 

Note  in  Figures  63  and  64  the  steady  increase  in  the  height 
of  the  Sb  AES  peak  as  a result  of  heating.  This  indicates  that 
the  alkali/antimony  ratio  was  steadily  decreasing  in  the  surface 
region.  The  vapor  pressure  curves  for  Sb,  Na,  K,  and  Cs  shown 
in  Figure  18  show  that  cho  vapor  pressure  of  Sb  is  several  orders 
of  magnitude  below  those  of  tue  three  alkali  metals.  It  is 
therefore  probable  that  Sb  would  be  stable  while  the  alkali 
metals  were  evaporating  fro'-  the  sample. 

Thus  the  evidence  from  the  heuting  of  S20(24)-K(2)  shows 
that  the  alkali/ant ‘.roony  ratio  was  decrear.iny  in  the  surface 
region  of  the  sarop'e.  As  was  argued  above,  n similar  change 
was  occurring  in  the  bulk,  other  evidence  relating  AES  results 
and  bulk  conditions  is  discuused  in  Section  til. 7c. 

b.  Calibration  of  the  Sb  AES  peak  height  vs.  alkali/ 
antimony  ratio 

Results  from  S20(2l)-Na(l) , and  from  Na3Sb  reported  by  Fisher, ^9 
provided  a first  appronimation  calibration  of  the  height  of  the 
Sh  AES  peak  corresponding  to  NS3Sb.  Figure  44  shows  a comparison 
of  the  spectral  yield  results  for  Na3Sb  reported  by  Fisher  with 
those  of  S20 (21)-Na (I) . Fisher's  control  of  the  stoichiometry 
of  his  samples  was  precise,  and  in  his  experiments,  depositions 
of  excess  Na  on  Na3Sb  resulted  in  the  appearance  of  a "knee"  in 
the  threshold  region  of  the  spectral  yield  curves  (as  shown  in 
Curve  B of  Figure  66).  Note  in  Figure  44  that  the  spectral 
yield  curves  for  S20(21)-Na(l)~S,6  demonstrate  a similar  knee, 
and  that  the  photoemission  in  the  threshold  region  was  above  that 
reported  by  Fisher  for  NaiSb.  For  spectral  yield  Curve  820(21)- 
Nad) -7  however,  no  knee  is  present,  and  the  curve  lies  wholly 
]selow  Fisher's  results  for  Na3Sb.  It  is  argued  that  between 


Data  Point  6 and  Data  Point  7,  S20  (21) -Na  (i)  passed  through  the 
Na3Sb  stoichiometry.  It  is  further  argued  that  the  AES  results 
for  Data  Points  6 and  7 should  give  the  bounds  on  the  Sb  peak 
height  for  3Na/Sb.  A summation  of  the  AES  results  from 
S20  (21 ) -Na (1)  is  shown  in  Figure  67.  On  the  same  scale  for  the 
Sb  peak  height  shown  in  Figure  67,  the  height  of  the  Sb  peak  from 
S20  (21 ) -Sb (1)  (clean  Sb)  was  118  units.  Assume  for  now  that 
the  surface  composition  (indicated  in  the  AES  results  from 
S20  (21)-Na(l) ] persisted  throughout  the  bulk.  Then  the  AES 
results  at  Data  Points  6 and  7 (corresponding  to  the  spectral 
yield  arguments  of  the  preceding  paragraph)  should  give  the 
bounds  on  the  Sb  peak  height  corresponding  to  Na3Sb.  Expressed 
as  a fraction  of  the  clean  Sb  peak  height,  these  bounds  are 
26-36%.  Arguments  supporting  the  validity  of  the  assumption  made 
here  are  presented  in  Section  III. 7c. 

c.  The  alkali/antimony  ratio  as  a function  of  heating 

Except  for  the  evidence  from  S20(21) -Na (1)  (discussed  in 
Section  III.  7b)  there  was  no  calibration  of  tlie  height  of  an 
AES  peak  vs.  constituent  population.  For  this  reason,  and  because 
the  sensitivities  of  AES  analysis  to  the  three  alkali  constit- 
uents are  different  (see  Section  11.5c),  the  Sb  peak  was  chosen 
as  the  monitor  for  the  alkali/antimony  ratio. 

Plotted  in  Figure  68  are  the  Sb  AES  peak  heights  (in  percent 
of  the  clean  S'  peak  height)  for  various  stages  of  samples 
S20  (21) , S20 (24) , and  S20(25)  vs.  heating  temperature.  All 
values  shown  in  a column  above  a temperature  were  obtained  at  the 
temperature  indicated  at  the  center  of  the  column. 

Assume  for  now  two  conditions: 

1)  The  3Na/Sb  calibration  point  discussed  in  Section  III. 7b 
is  applicable  to  other  samples  including  K and  Cs  as  well 
as  Na  and  Sb.  The  bounds  of  the  calibration  are  shown 

by  the  dotted  lines  in  Figure  68. 

2)  The  AES  results  are  indicative  of  bulk  composition. 

The  validity  of  these  assumptions  will  be  discussed  later  in  this 
section.  Using  these  assumptions  the  data  in  Figure  68  indicates 
that  heating  alkali  antimonide  films  (for  films  that  are  alkali 
rich  before  heating)  to  temperatures  <200*C  leaves  them  alkali 
rich,  while  heating  them  to  temperatures  >200”C  produces  an  anti- 
mony rich  film.  This  is  an  interesting  result  in  the  light  of 
normal  commercial  formation  of  Na2KSb(Cs)  photocathodes. 

Recall  from  the  discussion  in  Sections  1.4  and  X.S  that: 

1)  The  2Na  + K3Sb  > 2Ko  + Na2KSb  stage  of  formation  would 
leave  an  alkali  rich  material  unless  there  was  some 
mechanism  to  remove  the  K displaced  by  Na. 
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2) 


The  temperature  used  in  the  formation  step  listed  in  1) 
above  is  220 °C. 

3)  Na2KSb  of  high  photosensitivity  is  "p"  type  due  to  a 

stoichiometric  excesss  of  Sb,  and  has  a densely  packed, 
cubic  crystalline  structure. 

4 8 

Sommer  has  theorized  that  the  cubic  phase  alkali  antimonide 
materials  are  "p"  type  because  there  is  no  room  in  the  closely 
packed  cubic  lattice  for  interstitial  alkali  atoms.  In  many 
private  conversations,  commercial  producers  of  Na2KSb(Cs)  photo- 
cathodes have  stated  that  heating  to  temperatures  of  at  least 
200°C,  and  preferably  220°C,  is  essential  for  production  of  high 
sensitivity  films.  The  200  - 220°C  temperatures  used  may  be 
required  to  remove  excess  alkali  so  that  a stoichiometric  excess 
of  Sb  can  be  achieved.  The  removal  of  excess  alkali  atoms 
(potential  interstitials)  might  also  facilitate  recrystallization 
to  the  more  closely  packed  cubic  form.  The  correlation  between 
the  data  in  Figure  68,  and  the  normal  temperatures  used  in 
commercial  formation  of  Na2KSb(Cs)  photocathodes,  supports  the 
validity  of  the  assumption  relating  AES  results  and  bulk  composi- 
tion. 


Included  in  Figure  68  are  results  from  many  sample  stages 
containing  K and  Cs,  and  none  of  the  AES  spectra  from  these 
stages  showed  a peak  for  Na  as  tall  as  those  in  the  spectra 
from  S20  (21) -Na  (1)  (Figure  67),  the  source  of  the  3Na/Sb  calibra- 
tion. No  AES  spectra,  except  that  from  S20 (21 ) -Na (1) , contained 
peaks  for  only  Sb  and  Na.  After  heating  two  sample  stages 
[S20 (25)-Cs (1) , Figure  49;  S20 (25) -K (1 ) , Figure  72)  there  was  no 
Na  peak  present  in  the  AES  spectra  at  all.  If  the  assumption 
concerning  the  more  general  applicability  of  the  3Na/Sb  calibra- 
tion was  not  valid,  one  might  expect  a large  dispersion  of  the 
data  points  in  Figure  68.  No  serious  dispersion  is  present, 
however.  Thus  the  grouping  of  the  data  in  Figure  68  supports 
the  validity  of  the  assumption. 

Additional  support  for  the  validity  of  applying  the  3Na/Sb 
calibration  to  samples  with  K and  Cs  comes  from  studies  by  others^” 
of  controlled  alkali  depositions  on  ordered  Ge  substrates.  Results 
from  these  other  studies  indicate  the  reduction  of  the  Ge  AES  peak 
was  similar  for  the  same  coverage  by  Na,  K,  or  Cs,  as  shown  in 


Table  H. 

Table 

Substrate 

Alkali 

% Monolayer 
Coverage 

% Reduction  of  Ge 
AES  Peak  Height 

Ge(lll) 

Na 

100 

33  - 38 

Ge(lOO) 

K 

100 

40  - 50 

Ge(lOO) 

Cs 

85 

40 

38 


This  sugyests  that  the  effect  on  the  Sb  AES  peak  height  should  be 
similar  for  equal  populations  of  Na,  K,  or  Cs  in  the  samples  in 
these  studies. 

The  possibility  that  the  duration  of  the  heating  periods  (in 
addition  to  the  temperature)  might  be  a factor  in  the  distribution 
of  the  data  points  in  Figure  68  was  considered.  The  durations  of 
the  heating  periods  are  listed  with  every  figure  showing  a summation 
of  AES  results,  and  a summary  of  their  variation  is  shown  in 
Figure  69.  As  an  example,  note  in  Figure  69  that  at  175°C,  the 
duration  of  the  heating  periods  ranged  from  10  minutes  to  over 
25  hours.  Then  note  the  grouping  of  the  data  points  at  175 °C 
in  Figure  68.  Similar  checks  at  other  temperatures  suggest  that 
the  data  points  of  Figure  68  were  independent  of  the  duration  of 
the  heating  periods. 

Four  data  points  in  Figure  68  (shown  as  A's)  are  somewhat 
divergent  from  the  normal  pattern,  and  all  were  results  from 
S20  (25) -Cs  (1) . It  will  be  argued  below  that  the  AES  results 
(Figure  49)  suggest  that  this  sample  was  already  alkali  deficient 
for  100  and  150®C  temperatures,  and  that  this  would  have  produced 
the  unusually  high  data  points  in  Figure  68.  Recall  from  the 
discussion  at  the  beginning  of  this  section  that  the  Sb  AES  peak 
height  was  chosen  to  monitor  the  alkali/antimony  ratio  in  the 
samples.  For  evergy  sample,  except  S20 (25) -Cs (1 ) , the  first 
heating  of  the  sample  resulted  in  an  increase  of  the  Sb  AES  peak 
height.  Examples  of  such  increases  are  listed  below  in  Table  I. 


Table  I 

Sample 

Figure  Number 

Data  Points 

S20(21  )-Na(l) 

67 

4 to  5 

S20(24)-K(2) 

63 

1 to  2 

S20(25)-Cs(2) 

76 

1 to  2 

Similar  increases  in  the  Sb  peak  height  also  occurred  in  almost 
every  case  of  the  first  heating  of  a sample  at  a higher  tempera- 
ture. These  Sb  peak  height  increases  are  interpreted  as  an 
indication  that  the  samples  were  alkali  rich  (at  least  for  the 
particular  temperature)  before  the  heating  was  begun.  However, 
the  results  from  S20(2S)-Cs(l)  (Figure  49)  show  a slight 
decrease  in  the  Sb  peak  height  with  the  first  heating  at  Location 
A,  and  the  first  t«ro  heatings  at  Location  6.  This  decrease  is 
interpreted  as  an  indication  that  this  sample  was  alkali  deficient 
(for  100  and  150*C  temperatures)  before  heating  was  begun.  A 
diffusion  of  alkali  to  the  surface,  or  a redistribution  of  alkali 
due  to  surface  diffusion,  might  be  the  reason  for  the  Sb  peak 
decrease.  The  important  point  to  note  is  that  the  alkali/antimony 
ratio  did  not  decrease  (compared  to  the  ratio  before  any  heating) 
with  the  first  t«K>  heatings  of  S20(25)-C8(l) . 
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The  forination  of  L20{24)-K(2)  (the  sample  staqo  with  the 
highest  spectral  yield  found  in  these  studies)  appeared  to  contra- 
dict the  arguments  presented  at  the  beginning  of  this  section  that 
a minimum  temperature  of  200*C  is  necessary  to  form  a high 
sensitivity  Na2KSb(Cs)  phtocathode.  Temperatures  of  £175®C  only, 
were  used  in  its  formation.  However,  the  Sb  depositions  for  the 
formation  of  this  sample  stage  v»ere  much  larger  than  normal,  and 
the  sample  was  probably  antimony  rich  as  a result.  This  suggests 
that  formaticn  of  Ha2KSb(Cs)  photocathodes  wuld  be  possible  at  a 
temijerature  of  I75®c,  and  perhaps  at  lower  temperatures,  if  the 
formation  was  approaced  from  an  antimony  rich  standpoint.  Approaching 
the  formation  in  this  manner,  however,  would  not  be  practical 
for  commercial  p*'oduction  b*»cause  of  the  limited  control  of  the 
alkali  depositions.  Attempting  to  achieve  the  correct  proportions 
of  Na  and  K in  the  photocathodes  almost  inevitably  results  in 
excess  depositions  of  alkali  metals,  and  sor**»  mechanism  (heating) 
is  required  to  remove  this  excess. 

If  Na2KSb(Cs)  photocathodes  could  be  formed  at  room  temperature, 
some  heating  might  still  be  necessary  to  achieve  the  desired  result. 
McCarroll^^  reported  that  Cs3Sb  depost ied  at  room  temperature  was 
polycrystalline,  and  annealing  to  ~200°C  was  necessary  to  produce 
a cubic  crystal  lattic  with  high  photosensitivity.  If  annealing 
would  be  necessary  for  Na2KSb(Cs),  the  results  from  S20(24)-K(2) 
suggest  that  a temperature  no  greater  than  175*C  would  be 
required. 


d.  The  alkali/antireony  ratio  of  the  sample  with  the 
highest  spectral  yield 


The  discussion  in  Section  III. 7c  suggests  the  3Na/Sb  calibra- 
discussed  in  Section  III. 7b  might  be  applicable  to  samples  con- 
taining K and  Cs  as  well.  Therefore  this  calibration  will  be 
applied  to  the  sample  wxth  the  highest  spectral  yield  found  in 
these  studies  [S20(24)-K(2) , Figure  28,  Curve  D,  130pA/lumen] . 

The  AES  spectrum  coincident  with  the  highest  spectral  yield  is 
shotm  in  Figure  37.  The  AES  spectrum  from  S20 (24) -Sb(l)  is  shown 
in  Figure  39.  The  Sb  peak  in  Figure  37  is  17%  of  the  height  found 
in  the  clean  Sb  case.  The  26-36%  calibration  for  3 alkali/Sb 
suggests  the  sample  was  alkali  rich  at  the  time  of  its  highest 
yield.  However,  the  high  photosensitivity  found  in  this  case  is 
normally  associated  only  with  "p""  type  materials  that  are  antimony 
rich.  Thus  the  reduced  Sb  peak  in  Figure  37  is  interpreted  to  be 
an  indication  of  an  alkali  overlayer  on  an  antimony-rich  bulk. 
Peaks  for  Na,  K and  Cs  are  all  found  in  Figure  37  so  it  is  not 
possible  to  say  whether  the  overlayer  contained  one  or  more 
alakli  species. 

Many  of  the  data  ^ints  in  Figure  68, ’’at  temperature  < 500®C, 
indicate  an  alkali/antimon;^  ratio  > 3/1.'  These  "data nua^ 
well  reflect  bulk  conditTonls,  and  ridt  ju'st  an  alkali  overlayer. 

Only  in  the  case  of  S20(24)!rK(2)  was  the  phbtosehsitivity  high 
enough  to  indicate  the  presence  of  aiitimdny-ifich  (p-type,  cubic) 
conditions  in  the  bulk. 
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8.  The  stability  of  the  alkali  constituents  with  the 
deposition  of  other  alkali  species  and  heatinq. 

As  discussed  in  Section  III. 7c,  the  alkal i /antimony  ratio  in 
the  samples  was  reduced  by  heating;  the  higher  the  temperature, 
the  smaller  the  total  alkali  population.  In  this  section  it  will 
be  argued  that  the  relative  populations  of  the  alkali  constituents 
may  have  been  factors  in  determining  which  alkali  specie  was 
removed  from  the  samples  because  of  heating,  and  which  remained. 

Of  course,  the  relative  populations  of  the  alkali  constituents 
changed  with  alkali  depositions. 

The  AES  results  obtained  after  heating  the  samples  in  these 
studies  ran  counter  to  expectations  based  on  the  breakdown  tempera- 
tures found  for  monoalkali  antimonide  photocathodes.  Commercial 
producers  of  alkali  antimonide  photocathodes  have  found  a hierarchy 
in  the  breakdown  temperatures  of  their  monoalkali  antimonide 
products.!®  The  photoemission  of  Cs3Sb  deteriorates  at  a lower 
temperature  {"lOO'^C)  than  the  photoemission  of  K3Sb(  200°C),  and 
the  photoemisssion  of  K3Sb  deteriorates  at  a lower  temperature 
than  that  of  Na3Sb  ('280-300'’0  . The  breakdown  in  the  photo- 
cathodes is  assumed  to  be  the  result  of  alkali  atoms  leaving  the 
films.  Because  the  breakdown  temperature  hierarchy  follows  a 
pattern  parallel  to  that  of  the  differences  in  the  vapor  pressures 
of  Na,  K,  and  Cs  (Figure  18),  it  is  thought  that  the  two  phenomena 
are  related.!®  The  Ijreakdown  temperature  hierarchy  hints  that, 
if  one  were  to  heat  a sample  containing  Na,  K,  Cs,  and  Sb,  Cs 
might  leave  for  temperatures  >100®C,  K for  temperatures  >200*0, 
and  Na  for  temperatures  >300*C.  This  was  not  found  in  the  results 
in  these  studies  as  is  illustrated  by  the  data  in  Figure  77.  Of 
all  the  examples  in  Figure  77  those  contrasting  most  with  the 
expectations  from  the  breakdown  temperature  hierarchy  are  the 
results  from  S20(25)-Cs(l)  and  S20(25)-K(l) . 

In  the  first  case,  Cs  remained  in  the  sample  even  aft^r 
heating  at  a temperature  of  240*C  for  37  hours.  Both  K and  Nu 
had  been  present  in  this  sample  at  lower  tcmf^eiatures,  but  both 
were  eliminated  by  heating  to  a tomparaturc  of  only  200*C 
(Figure  49).  The  possibility  that  the  presence  of  oxygen  as  a y 
contaminant  of  S20(25)-Cs(l)  might  explai.n  the  post  heating 
existence  of  Cs  was  considered,  because  w)ien  Cs  is  combined  with 
0 its  vapor  pressure  is  reduced  significantly.'*^  However,  note 
in  the  suiranation  of  AEF  results  from  S20 (2S) -Na (1)  (Figure  74, 

Data  Point  13)  that  Cs  was  eliminated  with  heating  to  a tempera- 
ture of  only  175*C,  and  oxygen  was  present  in  that  sample  also. 

In  addition,  note  in  the  summation  of  AES  results  from  S20(2S)-K(1) 
(Figure  72,  Data  Points  A7  - 4}  that  there  was  no  apparent  correla- 
tion between  the  0 and  Cs  AES  peak  heights.  The  information  from 
S20(2S)-NaU)  and  K(U  (Figure  74  and  72)  suggests  that  th. 
presence  of  oxygen  would  not  account  for  the  Cs  signal  remaining 
in  the  AES  spectra  after  the  240*C  heating  of  S20(2S)-Cs(l) 

(Figure  49,  Data  Points  A7  and  B7). 

In  the  case  of  S20(25)-K(l)  (Figures  72  and  73)  heating  the 
sample  to  100*C  left  Cs  and  K remaining  in  the  sang>le,  but  not 
Na,  which  had  been  present  earlier.  The  evidence  from  this  sssg>le 
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is  n('t  iis  del  inite  ^ts  that  from  the  ox^impLo  discussed  in  the 
procodim;  paraqraph  because  the  many  K depositions  on  S20(25)-K(l) 
reduced  the  heiqht  of  the  Sb  AHS  peak  enouqh  to  allow  for  the 
!)ossibility  of  an  overjayer  screoninq  Na  that  rniqht  have  been 
in  the  sample?  bulk. 

Reviewinq  the  examples  in  Figure  77  it  should  be  noted  that 
all  results  [except  those  from  S20 (2 1 ) -Na (1 ) ] contradict  the  idea 
that  only  Na  would  remain  in  samples  heated  to  temperatures  >200°C 
for  a long  duration. 

The  contradictions  betv/cen  the  breakdown  temperature  hierarchy 
and  the  results  from  the  present  studies  might  possibly  be  related 
to  the  mechanism  creating  high  sensitivity  in  the  monoalkali  anti- 
monide  photocathodes.  Support  for  this  idea  is  presented  in  the 
following  two  paragraphs. 

To  determine  the  breakdown  temperatures  of  the  monoalkali 
antimonide  photocathodes,  changes  in  the  response  of  high  photo- 
sensitivity films  are  monitored.  The  high  photosensitivity  of  the 
commercial  samples  might  be  associated  with  the  existence  of  an 
alkali  overlayer  on  a bulk  alkali  antimonide.  Certainly  this  could 
be  true  of  Na  on  Na3Sb  and  K on  K3Sb.  Fisher^^  has  reported  that 
excess  of  Na  deposited  on  Na3Sb  brought  enhancement  of  the  spectral 
yield  of  his  samples.  Similar  results  for  K on  K3Sb  have  been 
reported  by  Spicer. 14  The  case  of  Cs  on  Cs3Sb  will  be  discussed 
later.  Now  it  would  probably  require  less  energy  to  remove  an 
alkali  atom  from  an  overlayer  than  from  the  sample  bulk.  Alkali 
atoms  that  might  leave  an  overlayer  at  one  temperature  might  not 
leave  the  sample  bulk  until  they  are  subjected  to  much  higher 
temperatures.  A difference  in  temperatures  for  removal  of  alkali 
atoms  from  an  overlayer  and  the  sample  bulk  would  reconcile  the 
data  in  Figure  77  (species  remaining  at  unexpectedly  high  tempera- 
tures) with  the  breakdown  temperature  hierarchy. 

The  case  of  Cs3Sb  is  considerably  different  from  those  of 
Na3Sb  and  K3Sb.  Cs3Sb  is  a ”p"  type,  cubic-phase  material, 
whereas  Na3Sb  and  K3Sb  are  "n”  type  and  hexagonal.  Peak  photo- 
sensitivity of  Cs3Sb  is  reached  for  a stoichiometric  excess  of 
Sb.  Thus  the  arguments  presented  in  the  preceding  paragraph 
concerning  an  alkali  overlayer  on  an  alkali  antimonide  bulk  would 
hold  for  Cs3Sb  only  if  it  were  possible  to  have  a Cs  overlayer 
on  a CS3Sb  bulk  that  is  deficient  in  Cs.  It  will  now  be  argued 
that  just  such  a situation  can  exist. 

Support  for  the  idea  can  be  derived  from  the  summation  of  AES 
results  for  S20 (25) -Cs (1 ) shown  in  Figure  49.  It  has  already 
been  argued  in  Section  III. 7c  that  this  sample  was  alkali  deficient 
before  heating  was  begun.  Recall  from  the  discussion  in  Section 
II. 5c  (and  Figure  24)  that  the  escape  depths  of  the  Auger  electrons 
from  Cs  at  47  and  565  eV  were-  5 A and-  10  A respectively.  The 
shorter  escape  depth  of  the  47  eV  electrons  shCuld  make  the 
corresponding  peak  height  more  sensitive  to  the  Cs  population  in 
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the  first  monolayer  of  the  sample.  Now  consider  the  changes  in 
the  heights  of  the  AES  peaks  at  the  different  energies  in  Figure 
49.  Note  that  from  Data  Points  A1  - A4  and  B1  - B4  the  height 
of  the  47  eV  peak  goes  through  greater  reductions  than  does  the 
565  eV  peak.  This  is  interpreted  to  indicate  the  Cs  population 
at  the  sample  surface  was  decreasing  more  rapidly  than  the  Cs 
population  in  the  bulk  as  suggested  above.  The  sample  heating 
temperatures  indicated  in  Figure  49  show  that  the  lar<ier  reduction 
in  the  surface  population  of  Cs  occurred  for  heating  in  the 
100-200®C  range.  Once  the  height  of  the  47  eV  peak  stabilized 
(Data  Points  A4  - A7  and  B4  - B7)  heating  to  240®C  caused  no 
large  additional  change.  Thus  the  evidence  in  Figure  49  can  be 
interpreted  to  suggest  the  idea  that  there  was  an  overlayer  of 
Cs  on  a Cs  deficient  Cs3Sb  sample.  Further,  the  Cs  in  the  over- 
layer  was  removed  at  temperatures  that  did  not  affect  the  bulk 
Cs  to  any  large  extent. 

Somewhat  aside  from  the  theme  of  this  section,  the  results 
concerning  the  AES  evidence  for  an  overlayer  on  S20(25)-Cs(l) 
will  be  applied  to  the  AES  results  from  the  sample  with  the 
highest  sf>ertral  yield  in  these  studies  |S20(24)-K(2) , Figure  37) 
To  do  this,  an  assumption  will  be  made  that  there  was  no  overlayor 
present  at  Data  Points  A4  - A7  and  B4  - B7  of  Figure  49.  This 
assumption  is  plausiole  because  at  those  data  jjoints  there  are 
no  relative  changes  of  the  Cs  AES  peaks  at  47  and  565  eV.  Next 
the  average  value  of  the  ratio  of  the  height  of  the  47  eV  peak 
to  that  of  the  565  eV  peak  (47  eV/565  eV  ratio)  at  Data  Points 
A4  - A?  and  B4  - 87  was  found  to  be  2.  At  Data  Points  A1  - A4 
and  Bl  - B4  the  47©v/565eV  ratio  is  * 2 and  this  will  be  inter- 
preted to  show  that  a Cs  overlayer  exists.  Now  this  criterion 
will  be  applied  to  the  Cs  peaks  in  Figure  37.  Note  first  that 
the  AE.S  analyser  sensitivity  for  the  Cs  AF..9  poaks  in  both 
Figure  37  and  Figure  49  is  the  same.  In  Figure  3?  the  47eV/565eV 
ratio  is  4,  and  this  suggests  an  overlayer  did  exist  on  the 
sample  with  the  maxlRmin  «{>ectral  yield  found  in  these  studies. 

In  addition  it  can  be  said  that  Cs  was  a part  of  the  overlayer, 
this  evidence,  however,  does  not  exclude  the  possibility  that 
Na  and/or  K were  also  part  of  the  overlayer. 

Now  the  discussion  will  return  to  the  main  theme  of  this 
section.  The  evidence  that  a Cs  overlayer  can  exist  on  a C.s 
deficient  Cs^Sb  bulk  allows  the  arguments  applied  earlier 
NaySb  and  KySb  to  be  applied  also  to  CS)^b.  These  argunents 
are  that  the  photoresponse  of  the  alkali  antimonide  photocathodes 
is  associated  with  an  alkali  overlayer  on  a Mj/$b  bulk.  The 
atoms  in  the  overlayer  will  leave  at  a lower  temt>erature  than 
the  same  specie  in  the  bulk.  Thus  the  apparent  conflicts  between 
the  breakdown  temperature  hierarchy  and  the  results  from  these 
studies  can  be  reconciled.  All  this  argtment  goes  back  to  the 
discussion  of  the  data  in  Figure  77  showing  that  temperature 
alone  would  not  determine  %rhich  alkali  specie  «S}uld  leave  a 
sample  if  it  was  heated.  In  the  following  paragraphs,  examples 
and  arguments  will  be  presented  to  support  the  idea  that  the 
relative  populations  of  the  alkali  species  may  be  factors  in 
datermining  which  speciewill  leave  as  a result  of  sample  heating 
The  examples  will  be  presented  first. 
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The  summation  of  AES  results  from  S20  ( 2 I ) -Na  ( 1 ) (Ki.jure  67) 
indicate  that  excessive  deposition  of  Na  and  subsequent  heating 
of  a sample  originally  consisting  of  K,  Cs,  and  Sb  could  result 
in  displacement  of  both  K and  Cs  from  the  sample.  The  Na(l) 
deposition  was  excessive  because  puddles  (as  discussed  in  Section 
111.4)  appeared  on  the  sample  surface.  Note  in  Figure  67  that 
the  AES  results  were  collected  in  two  locations,  but  that  is  not 
considered  critical  to  this  discussion.  The  centers  of  the  two 
data  collection  locations  were  2 mm  apart,  and  the  1.5  mm  diameter 
of  the  electron  beam  caused  a large  overlap  in  the  effective  size 
of  the  two  locations.  In  addition,  a comparison  of  Data  Points 
2 and  3 shows  little  change  in  the  AKS  peak  heights  accompanied 
the  change  in  measurement  location.  After  the  second  sample 
heating,  (Data  Point  6),  the  Sb  peak  was  larger  than  before  the 
Na  deposition,  thus  eliminating  the  possib-ility  that  a Na  over- 
layer masked  K and  Cs  that  might  have  been  in  the  sample.  Further- 
more, there  was  a K AES  peak  in  the  spectra  at  Data  Point  2, 
after  the  deposition.  Also  note  in  Figure  67  that  from  Data  Point 
6 through  10  only  peaks  for  Na  and  Sb  were  in  the  AES  spectra. 

Both  AES  results  and  spectral  yield  data  indicated  K and  Cs  were 
present  before,  at  the  S20(21)-K(3)  stage,  so  their  disappearance 
could  not  be  due  to  diffusion  into  the  bulk.  Thus  the  AES 
results  from  S20 (21 ) -Na { 1 ) suggest  that  K and  Cs  were  removed 
from  this  sample  by  a combination  of  heating  and  an  excess  of 
Na.  A review  of  the  data  in  Figure  77  will  show  several 
samples  [S20 (24 ) -K (2 ) , S20 (24 ) -Cs (2 ) , S20 (25) -Na (1) , and 
S20  (25) -Cs (2 ) 1 that  contained  Na  at  the  end  of  heating,  but  only 
in  the  case  of  S20  (21) -Na  (1)  was  there  apparently  enough  Na 
to  eliminate  all  the  K and  Cs.  This  idea  is  supported  by  noting 
that  the  Na  AES  peak  was  larger  in  the  spectra  from  S20 (21) -Na (1) 
than  in  the  spectra  from  any  other  sample. 

From  another  example,  S20 (25) -Cs (1 ) , Figure  49,  came  results 
that  suggested  both  K and  Na  could  be  eliminated  from  a sample 
by  a combination  of  heating  and  a large  initial  Cs  population. 

Both  these  first  two  examples  suggest  that  an  excess  of  one 
alkali  specie  might  result  in  the  elimination  of  the  other  two. 

In  other  cases,  especially  S20(24)-K(2)  (Figure  63),  the 
AES  results  suggested  there  was  a limit  to  the  ability  of  K and 
Cs  to  displace  each  other.  Note  in  Figure  63  that  the  Cs  and 
K AES  peaks  fluctuate  through  multiple  extrema  as  a result  of 
heating.  The  Na  AES  peak  height  was  quite  stable  so  only  the 
K - Cs  dynamics  will  be  considered.  If  K could  always  displace 
Cs,  or  vice  versa,  then  the  AES  peak  of  the  dominant  species  would 
have  grown  at  the  expense  of  the  other  as  waves  of  Cs  and  K 
moved  from  the  bulk  of  this  sample  as  discussed  in  Section  III. 7a. 
Howdver,  ..because  AES  peaks  for  both  K and  CS  are  left  at  the 
end  of  the  sample  heating  there  must  have  been  some  limit  to 
the  ability  of  each  to  displace  the  other. 

The  unique  flexibility  in  the  formation  of  KgCssb  photooathodes 
correlates  with  the  idea  of  a limited  K«Cs  displacement.  These 
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photocathodes  can  be  formed  by  reacting  either  K with  CS3Sb,  or 
Cs  with  K3Sb.  The  result  in  both  cases  is  K2CsSb  which  is  a 
preferred  stoichiometry  for  a combination  of  K,  Cs,  and  Sb. 

Another  result  relating  alkali  specie  populations  before 
heating  with  the  specie  remaining  after  heating  comes  from  a 
review  of  all  the  AES  results  from  the  samples  1 isted  in  Figure 
77.  Such  a review  shows  no  case  where  peaks  for  only  Na,  Cs, 
and  Sb  were  found  in  the  AES  spectra.  In  every  case  that  both 
Na  and  Cs  were  present  in  a sample,  K was  also  present.  Similar 
evidence  has  been  obtained  from  studies  of  alkali  antimonide 
compounds^^  where  stable  compounds  such  as  Na2KSh  and  K2CsSb 
have  been  identified,  but  no  stable  compound  such  as  Na2CsSb 
or  CS2NaSb. 

The  example?  presented  above  do  suggest  that  the  relative 
populations  of  the  alkali  constituents  can  be  factors  in  deter- 
mining which  specie  leaves  if  a sample  is  heated.  Now  a few 
remarks  will  be  made  about  the  physics  that  might  be  involved. 

A specie,  or  species,  might  be  subject  to  evaporation  from 
a sample  because  it  is  excluded  from  the  bulk  crystal  lattice 
which,  in  turn,  is  determined  by  the  relative  populations  of  the 
alkali  constituents.  Recall  from  the  discussion  in  Section  1.5, 
(and  Figure  7),  that  the  crystal  phase  of  the  Naj.^^^xSb  system 
is  subject  to  change  from  hexagonal  to  cubic  form  depending  upon 
the  Na/K  ratio  that  Is  present.  Others  have  also  considered  a 
possible  relationship  between  alkali  population  and  crystal 
structure.  For  instance,  McCarroll^O  has  theori-iod  that  the  lack 
of  a stable  compound  combining  Na,  Cs  and  Sb  is  due  to  the  large 
difference  in  the  si:;es  of  the  Na  and  Cs  atoms,  The  size  difference 
is  thought  to  put  excessive  demands  on  the  bonds  available  in 
alkali  antimonide  compounds. 
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Soilttner  has  theorized  that  the  limited  K - Cs  displacement 
in  the  formation  of  K^CsSb  photocarhodo  is  related  to  the 
crystal  structure  of  that  material.  K2CsSb  demonstrates  very  high 
resistivity  if  precise  stoichiometry  is  obtained,  and  high 
resistivity  in  semiconductor  materials  is  generally  thought 
to  be  a reflection  of  a lack  of  defects  in  the  crystal  structure. 
Unfortunately,  no  information  concerning  the  crystal  structures 
of  the  samples  was  available  in  these  studies. 


IV.  CONCLUSIONS  AND  SUGGESTIONS  FOR  CONTINUED  INVESTIGATIONS 

At  the  beginning  of  these  studies  it  was  speculated  that 
application  of  Auger  electron  upectroscopy  might  provide  informa- 
tion concerning  the  formation  of  Na2KSb(Cs)  photocathodes.  It 
is  the  opinion  of  this  researcher  that  seme  new  insight  was 
achieved,  and  comments  about  the  results  from  these  studies, 
and  about  the  example  questions  posed  in  Sectibn  1.6,  are 
included  in  the  following  paragraphs. 
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1)  (See  Section  III. 2)  The  substrate  material*  might  not 
be  a significant  factor  in  the  control  of  Na2KSb(Cs)  photocathode 
formation.  Although  commercial  production  does  not  use  Ta  sub- 
strates (as  used  in  these  studies) , the  lack  of  sample  contamina- 
tion by  carbon  and  oxygen  (contaminants  of  the  Ta  substrates)  may 
have  implication  for  commercial  producers.  Carbon  and  oxygen 
are  highly  probable  contaminants  of  many  substrate  materials, 

2)  (See  Section  1.6)  Comments  regarding  a possible  role  for 
oxygen  in  the  formation  of  Na2KSb(Cs)  photocathodes  can  only  be 
made  in  a negative  sense.  In  the  AES  spectrum  from  the  sample 
with  the  highest  spectral  yield  found  in  these  studies  [S20 (24) -K (2) 
Figure  37],  there  was  no  peak  for  oxygen.  One  can  say  that  oxygen 
is  not  required  to  achieve  hi^h  photosensitivity. 

3)  (See  Section  1.6)  Remarks  regarding  surface  contamina- 
tion must  al  so  be  made  in  a negative  sense.  Very  little  contamina- 
tion of  the  samples  (occasionally  oxygen)  was  encountvJred.  No 
evidence  of  contamination  was  found  in  the  case  of  the  highest 
spectral  yield. 

4)  (See  Section  1.6)  There  was  no  exploration  of  the 
cjuestion  regarding  photocathode  fatigue. 


5)  (See  Sections  III. 7 and  I It, 6)  Although  AES  is 
normally  only  associated  with  identification  of  species  on  the 
surface  region  of  a sample  it  might  also  provide  information 
concerning  bulk  composition  as  was  the  case  in  these  studies. 

AES  can  be  used  to  study  alkali  antimonide  materials,  but  care 
must  be  taken  to  see  that  the  samples  are  not  changing  as  a 
result  ot  the  analysis  technique. 

6)  (See  Section  111.7c)  The  need  for  heating  the  samples 
to  at  least  200*C  at  the  2Na  ♦ KjSb  ► 2K  + Na2KSb  stage  of 
formation  appears  to  be  related  to  the  need  to  produce  an  anti- 
mony rich  sample,  which  is  related  to  a cubic  crystal  structure, 

"p"  t)ipe  conductivity  and  high  photosensitivity.  High  sensi- 
tivity can  also  be  achieved  with  heating  to  175“C  (and  perhaps 
<175*'C)  if  excess  Sb  ta  deposited  during  formation. 

7)  (Sm  Section  111.8)  Tt  is  possible  that  the  problems 
with  control  of  the  threshold  region  response  of  Na2K$b(Cs) 
photocathodes  are  associated  with  the  existence  of  an  alkali 
overlayer.  The  results  of  these  studies  support  the  idea  that 
there  is  an  alkali  overlayer  on  samples  with  high  photosensitivity. 
The  nomboir,  and  perhaps  specie,  of  overlayer  atoms  might  be 

aslx^fions-'^^  made  that  the  substrate  material  does  not 
react  with  the  phOtocathode  constituents,  and  is  cleaned  for 
used  in  ah  ultra  high 
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subject  to  sample  temperature  and  crystal  structure,  (The  crystal 
lattice  can  affect  the  binding  sites  of  the  overlnyer  atoms.) 

8)  (See  Sections  III. 8 and  III. 4)  The  success  of  an  attempt 
to  deposit  an  alkali  specie  on  a multialkali  sample  (especially 
if  the  substrate  is  heated)  would  probably  be  affected  by  the 
same  factors  that  determined  which  alkali  specie  left  a sample 
when  it  was  heated  (the  temperature  and  the  relative  populations 
of  the  alkali  constituents) . This  might  explain  some  of  the 
inconsistencies  found  in  commercial  production.  The  same 
deposition  procedure  may  be  successful  or  unsuccessful  depending 
on  the  consistency  of  the  output  of  the  alkali  source,  and  perhaps 
the  success  (or  lack  of  success)  of  previous  alkali  deposition 
attempts.  This  entire  matter  could  be  even  more  confused  if  the 
alkali  source  outputs  are  cross-contaminated  with  other  alkali 
species  as  was  found  to  be  the  case  in  these  studies. 

9)  One  important  conclusion  is  general  and  could  easily 
be  overlooked.  That  conclusion  is  that  N2KSb(Cs)  photocathodes 
of  high  sensitivity  can  be  successfully  deposited  in  a large 
ultra  high  vacuum  chamber  as  used  here.  This  had  not  been 
achieved  previous  to  these  studies.  A large  experimental  chamber 
allows  for  the  use  of  many  analytical  instruments  for  the  study 
of  the  films.  These  remarks  lead  quite  naturally  to  suggestions 
for  continued  investigations.  If  studies  of  Na2KSb(Cs)  photo- 
cathodes are  continued,  analytical  tools  other  than  AES  should 

be  considered.  Compared  with  AES,  improved  sensitivity  to  the 
chemical  composition  of  only  the  first  atomic  monolayer  could 
be  achieved  (ISS),  or  information  regarding  the  chemical  bonding 
in  the  samples  could  be  obtained  (ESCA) . In  short,  other 
analytical  tools  could  provide  much  new  information  that  might 
be  of  value  in  understanding  the  Na2KSb(C.s)  formation  process. 

The  present  approach  using  AES  could  certainly  be  continued.  In 
this  area  a calibration  of  the  AES  peak  heights  for  Sb  and  K or 
Cs  for  K^Sb  and  CsjSb  (similar  to  the  3Na/Sb  calibration  discussed 
in  Section  III. 7b)  would  lie  of  value  in  analyzing  the  AES  results 
from  the  multialkaii  samples.  More  analysis  using  the  relative 
changes  in  the  Cs  AES  peaks  at  47  and  565  eV  could  be  used  to 
see  if  Cs  is  the  most  significant  (or  only)  constituent  of  the 
alkali  over layer  on  Na2KSb(Cs)  photocathodes  of  ever  higher 
pnotosensitivily.  Of  course  samples  with  a range  of  high  sensitivities 
would  be  required  for  this,  and  that  brings  up  the  final  remark 
regarding  further  investigations.  No  matter  which  method  of 
sample  analysis  is  chosen,  a nx>dif ication  of  the  sample  formation 
apparatus  should  be  done  to  .«1 low  for  continuous  monitoring  of 
sample  photoemission  during  oonstitueht  depositions  (as  discussed 
in  Section  Ill.l).  The  present  deposition  and  monitoring  scheme 
is  too  cumbersome,  and  the  success  of  sample  formation  too  sub** 
ject  to  chance. 
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Figure  13  Circuit  used  for  sputter  cleaning  of  substrate. 
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Figure  18  Vapor  pressure  curves  of  sample  constituents. 
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Figure  19  Light  source  optics  for  photoemission  measurements. 
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Figure  26A  Transmission  mode  application  of  photo 
cathode. 


Figure  26B  Reflection  mode  application  of  photo- 
cathode. 
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Figure  27  Reflectivity  of  Ta  vs.  wavelength  of  incident  light. 
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Figure  J7 
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Figure  39  AES  results  from  S20  (24)  ~Sb  (1) . 
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Figure  48  Map  of  relative  quantum  yield  of 
S20(8;-Na(l) , 
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DATA  POINT 

Pi<jure  49  Summation  of  AES  peak  height  changes  from  two  locations  on  S20  (25) -Cs  (i) 
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Igure  $2  Summation  of  AES  peak  height  changes  from  two  locations  on  S20(25)-K{1) 
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Figure  >6  Changes  in  AES  peaks  due  to  electron  bortibardment- 
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figure  $6  Spectral  yield  changes  due  to  electron 
bombardment  of  S20(2I)-K(2) . 
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Figure  68  AES  evidence  of  the  Sb  population  vs.  heating  temperature 
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Flfxire72  Sunination  of  AES  peak  heleht  chari|;»s  due  to  K{!L)  dopositOM  and  heating 
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Figiiro:  76  Suamation  of  AES  peak  height  changes  with  heating  of  S20(25X-Cs(2) 
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Figure  77  Alkali  specie (s)  remaining  in  samples  after 
maximum  temperature  heating  of  samples. 


